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Abstract 
 
With increasing of the market for Ginseng products, further improvements in Ginseng 
technology are required in order to meet the increasing demand, while maintaining a 
superior quality and adequate volume. The most commercial ginseng products are made 
from ginseng powder. In addition, for some applications such as tablet and capsule 
formulation, it is crucial to control and monitor powder flow for product quality 
assurance. However, although fine powders are preferred by many applications across 
industries given their many advantages such as relatively larger specific area, the 
difficulties encountered in powder handling processes due to the cohesive nature of fine 
powders have prevented them from being widely applied. 
 This study was applied high shear wet granulation to improve the flow property of fine 
Ginseng and other fine powders. After that, evaluating of  fine powders and their 
granulates was studied in the Conventional Fluidized Bed and  a newly invented Rotating 
Fluidized Bed. High Ginseng concentration granules were made by high shear wet 
granulation. The Conventional Fluidized Bed has some disadvantages which are shown in 
this study. A new Rotating Fluidized Bed was designed by Professor. Jesse Zhu was 
introduced in this study,  which can overcome the Conventional Fluidized Bed 
limitations. It can treat Geldart group C as a Geldart group A and improve its flowability.  
Fine powder was fluidized and high Ginseng concentration tablet can be made which is 
not possible without granulation.  
Keywords 
High Shear Wet Granulation, Conventional Fluidized Bed, Rotating Fluidized Bed, Normalized Pressure 
Drop, Bed Expansion Ratio, Minimum Fluidization Velocity, Ginseng. 
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1. 1  Objectives 
As Ginseng user’s market is increasing, further improvements in technology are required 
in order to meet increasing demand, while maintaining a superior quality and adequate 
volume. The most common industrial ginseng products are made from ginseng powder. 
In addition, within some applications such as tablet and capsule formulation, it is crucial 
to monitor powder flow for product quality control. 
However, the finer ginseng powder is better for digestion and absorption in the human 
body, it is more difficult for bulk solid handling, compact ability and fluidization. There 
are 3 main components: filler, binder, ginseng for making ginseng tablets. It needs more 
filler and cohesive binder by using very fine ginseng. So, it is hard to make high ginseng 
concentration tablets. In this situation, granulation is intermediate step between fine 
powder and making tablets. The idea of this project came from previous experiments. 
The maximum ginseng concentration in producing chewable tablet could  not exceeding 
than 50% in our previous experiments. Then, the problem was how we can make a 
chewable tablet with more than a 50% concentration of fine ginseng powder.  
Corresponding to the needs mentioned above, the present study focuses on flow 
properties of fine powders with the assistance of granulation and fluidization, aims to 
address the following objectives: 
To comprehensively study the flow characteristics of fine ginseng powder and other fine 
powders and granules, focusing on the characteristics of fluidization. 
To experimentally study the mechanism of how the granulation process can improve the 
flow properties of ginseng and other fine powders. 
To evaluate ginseng powder and other fine powders and granules of different particle 
sizes and different particle densities in the Conventional Fluidized Bed and the Rotating 
Fluidized Bed. 
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To test the Rotating Fluidized Bed with a novel gas distributor designed for ginseng 
powder and other fine powders based on their special fluidization behavior in the 
Rotating Fluidized Bed. 
1. 2 Thesis Overview 
This thesis contains seven chapters and follows the “Monograph” format as outlined in 
the Thesis Regulation Guide by the school of Graduate and Postdoctoral Studies of The 
Western University. It is organized into the following structure.  
• Chapter 1 gives a brief introduction to the background of this study and 
demonstrates the need for the study. Research objectives and thesis structure as 
well as major contributions of the present work are stated. 
• Chapter 2 reviews the literatures related to high shear wet granulation, 
Conventional Fluidized Bed and Rotating Fluidized Bed.  
• Chapter 3 summarizes the experimental materials and methods that were used. 
Physical properties of all the powders and granules are included. The operation of 
all the powder characterization techniques employed in the present study is 
detailed in this chapter. 
• Chapter 4 reports the improvement of powder characteristics by using High 
shear wet granulation, with using different formulations and finally  the  optimum 
operation condition was selected to produce samples. 
• Chapter 5 proposes the Conventional Fluidized Bed for evaluating fluidization 
of ginseng powder, other fine powders and granules. The Minimum Fluidization 
Velocity and the Maximum Bed Expansion Ratio versus Superficial Gas Velocity 
were compared by plotting the results for eleven different samples. Also, 
Influences of different particle sizes and different particle densities on the flow 
properties were studied in the Conventional Fluidized Bed.  
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• Chapter 6 proposes the Rotating Fluidized Bed with an innovative gas 
distributor designed by Professor Jesse Zhu. The gas distributor has 3 air inlets 
and 3 air outlets which help powder prevent clogging and sticking in the bed. It 
was used for evaluating fluidization of ginseng powder, other fine powders and 
granules. The Minimum Fluidization Velocity and the Maximum Bed Expansion 
Ratio were compared for eleven different samples. Also, Influences of different 
particle sizes and different particle densities and motor speeds on the flow 
properties were studied in the Rotating Fluidized Bed.  
• Chapter 7 compares the Conventional Fluidized Bed with the Rotating 
Fluidized Bed and theoretical explanation. Also, the results of this  study are well 
summarized and contributions to the research and suggestions for future work are 
discussed.   
• The Appendix includes data and results that related to the experiments. 
1. 3 Major Contributions 
The present study explores several aspects of flow and fluidization of fine powders and 
granules. The major contributions are as follows: 
• High shear wet granulation was used to prepare granules with different 
concentrations and particle sizes. Water content has an important role in the 
growth of granules. 
• The effect of granule production by high shear wet granulation on the flow 
properties in two different fluidized beds has been examined comprehensively.  
• Introduction of the Rotating Fluidized Bed with designing novel gas distributor 
which has significant benefits over a Conventional Fluidized Bed. It can fluidize 
fine particles, since it imparts agitation force and drag force to the particles, which 
help to overcome the intra-particle  forces between particles. 
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Chapter 2 
Literature Review 
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2.1 Introduction 
Increased interest in the prevention of disease has led to an increase in the consumption 
of herbal health products, especially in Canada. One of the most widely used medicinal 
herbs in the world is ginseng. It is cultivated in the United States, Canada, and the 
mountainous forests of eastern Asia [1]. Canada is the world’s largest producer of North 
American ginseng, with the bulk of the crop being grown in Ontario.  
Nowadays, Chinese Ginseng and North of American Ginseng are easily accessible for 
users. North of American ginseng is the variety used in this study, and it is used as a dried 
root. The other one is ginseng which comes from the mountain of China that is prepared 
by steaming the fresh, unpeeled root before drying [2]. According to traditional Chinese 
medicine’s “philosophy of opposites,” American ginseng grows in the cold cultivated 
lands, and it is inherently a “cool” or “yin” tonic. It is used to treat “hot” symptoms such 
as stress, insomnia, palpitations, and headache. In contrast, Asian ginseng is “hot” or 
“yang” [3].  
North of American ginseng is used to increase energy and improve users physically, 
mentally acting as a “tonic”. It is said to be an excellent source of energy for athletics, 
because while increasing energy, it helps to balance the human body [4]. It is also used to 
help anti stress activities or to aid in glycemic control and arouses immune functions 
when taken as an “adaptogen” [4]. Overall, the roots have been used as a cure for asthma, 
atherosclerosis, blood and bleeding disorders, colitis, and relief of symptoms associated 
with aging, cancer, and senility [4]. Ginseng is also widely believed to be an aphrodisiac 
[5].  
 In addition extensive animal research with ginseng and its chemical constituents has 
shown it to be a multi action herb with medicinal activities, such as antioxidant, 
anticancer, anti-aging, immune stimulating; however, a study in humans has yielded less 
consistent results [6]. It aids metabolism as well as being used in many different ways 
such as capsules, gel caps, powders, tinctures, teas, slices to eat in salads, and whole root 
to chew. There are lots of different kinds of products, which factories claim contain 
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ginseng to attract more consumers, such as ginseng cigarettes, toothpaste, cosmetics, 
soaps, beverages, candy, baby food, gum, candy bars, and coffee. Prices are different 
based on the quantity and quality of the ginseng root used [7]. ColdFX, the number 1 
selling cold remedy in Canada, is an example of the value-added North of American 
ginseng products.  
As Ginseng user’s market is increasing, further improvements in technology are required 
in order to meet increasing demand, while maintaining a superior quality and adequate 
volume. The most common industrial ginseng products are made from ginseng powder. 
In addition, within some applications such as tablet and capsule formulation, design 
equipment for processes such as storage, transportation, fluidization, blending, and other 
general handling of bulk solids it is crucial to monitor powder flow for product quality 
control [8]. Fine ginseng powder (48 µm) was made in this thesis by using liquid 
nitrogen. Then, some flow characteristics were calculated. 
Factories face some difficulties in order to use bulk solid powder such as: 
• No flow due to arching or ratholing which concerns the behavior of a bulk material in a 
vertical channel when a portion of the material is extracted from the bottom. If the 
channel is very wide, the material flows downward toward the point of removal, but if the 
channel is narrow, the material forms a bridge or arch which prevents the descent of the 
material above. This arch is called a free arch because it forms a stress-free surface [9]. 
• Particle segregation occurs.  This means the separation of particles into distinctive 
zones by particle size, shape, density, or other physical properties [10]. 
• Degradation (spoilage, caking, oxidation, which is usually the result of a first-in-last-out 
flow pattern [11]. 
Moreover, when fine powder (<100 µm) is used by industries, they face other difficulties, 
Such as: 
• Flooding or uncontrolled flow, which is often the result of a collapsing rathole in a 
funnel flow ginseng powder [11]. 
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•Limited discharge rate through a ginseng powder‘s outlet.  
• Unsteady flow phenomena are charged into a powder [11]. 
There are some suggested ways to improving the flow properties of bulk solids to 
overcome aforementioned difficulties: [12] 
• Fluidization of bulk solids (compare discharge aids) 
• Production of micro granules 
• Addition of dispersants for very fine particles (e.g. Aerosil)   
• Using chemical spacer molecules (e.g. Diatomaceous earth) [12] 
Production of micro granules and fluidization of bulk solids are applied in this thesis to 
improve flowability. 
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2.2 Fluidization 
Gravitational force and drag force that came from gas flow rate are two main forces in the 
Conventional Fluidized Bed. If gas flows upward through a powder, the drag force 
applied by gas increases and it can overcome gravity. Then, the powder becomes less 
stressed and finally the particles are suspended in the up-flowing gas. The powder at such 
a state will behave with some characteristics of a fluid, for instance, its surface stays 
horizontal even in a sloped bed and lighter objects can float on top of the powder bed. 
This is referred to as fluidization [13].  
Fluidization helps the operation especially in the case of gas and powder. It helps bring 
them into good contact and creates extensive solid mixing foremost into uniform 
temperature, high mass and heat transfer rates, easy solids handling, etc. [13]. 
The fluidization can be further classified as particulate fluidization, bubbling fluidization, 
turbulent fluidization, fast fluidization and pneumatic transport according to their 
respective characteristics, as shown in Figure 1 [13]. 
 
Figure 1- Schematic of Fluidization [8] 
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Darcy [14]  examined the pressure gradient in a fixed fluidized bed. All the particles are 
in touch with each other and form a continuous phase, while entrapping the gas (void) as 
a dispersed phase. He found the linear empirical linear relationship between pressure 
gradient (dP/dH) and flow rate [8]. 
In comparison with a fixed bed, the gas-solid mode in fluidization is completely changed:  
particles become the dispersed phase and gas is the continuous phase. 
Kozeny and Carman devised a firm theoretical basis for spherical particles of diameter dp 
and developed the relationship as: [15] 
�
∆𝑃
𝐿0
�
𝑑𝑟𝑎𝑔
= 180 µ𝑔𝑈(1−𝜀)2(∅𝑠𝑑𝑝)2𝜀3                           Equation 1 
where U is the Superficial Gas Velocity. The flow rate of the gas per unit cross-sectional 
area of the powder and µg is gas viscosity. ∅𝑠 is the sphericity defined by Equation 5 The 
particle size of a sphere can be unambiguously and quantitatively defined by its diameter 
dp  [8]. 
However, powders are rarely composed of perfectly spherical particles, so some arbitrary 
choices of the measure of particle size have to be selected .Two widely used measures of 
particle size are equivalent particle volume diameter and surface diameter [8]: 
Equivalent particle volume diameter (?̅? 𝑣): the diameter of a sphere that has the same 
volume as a given particle [8]. 
𝑑𝑣��� = �∑ 𝑥𝑖𝑑𝑝𝑖3�−13                                                            Equation 2  
Equivalent particle surface diameter (?̅?s): the diameter of a sphere that has the same 
surface area as a given particle [8] 
𝑑𝑠��� = �∑ 𝑥𝑖𝑑𝑝𝑖2�−12                                                                                Equation 2 
Equivalent volume-surface diameter (dvs����): the diameter of a sphere that has the same 
mean ratio of surface area to volume as a given powder [8]. 
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𝑑𝑣𝑠���� = �∑ 𝑥𝑖𝑑𝑝𝑖�−1                                                                                       Equation 3 
A complementary parameter∅𝒔, known as the particle sphericity, can be defined by the 
following equation [16] to describe the particle shape [8]. 
∅𝑠 = 𝜋𝑑2𝑣𝑠𝑝                                                                                                         Equation 4 
where sp is the surface area of the particle. Particle shape has complicated effects on 
powder flow. In general, particle shape is considered to be correlated with the friction 
between particles. The friction between spherical particles is less than between irregular 
particles of the same equivalent size, leading to improved flow properties [8]. 
 However, small sharpness on particles can effectively reduce van der Waals forces 
between particles by up to several orders of magnitude, which also results in improved 
flow properties [8]. 
At high gas flow rates, where inertial effects and hence gas density (𝜌𝑔) become 
important, the Ergun equation [17] as shown below, is regarded to be the best correlation 
available [8]: 
�
∆𝑃
𝐿0
�
𝑑𝑟𝑎𝑔
= 150(1−𝜀𝑏)2
𝜀𝑏
3
𝜇𝑔𝑢𝑔
�∅𝑠𝑑𝑝�
2 + 1.75(1−𝜀𝑏)𝜀𝑏3 𝜌𝑔𝑢𝑔2∅𝑠𝑑𝑝                                                Equation 5 
Equation 6 where ug is the Superficial Gas Velocity of the fluidizing gas, dp is the mean 
particle diameter, ∅𝑠 is the particle sphericity, 𝑢𝑔 is the gas viscosity, 𝜌𝑔is the gas 
density, and 𝜀𝑏 is the bed voidage. The first term on the right-hand side in Equation 6 
represents the pressure drop caused by viscous effects and is dominant at low Reynolds 
numbers, while the second term is due to inertial forces and will be dominant at high 
Reynolds numbers [18].  
Minimum Fluidization Velocity (Umf) is defined as the Superficial Gas Velocity where 
fluidization is initiated. Beyond Umf, the pressure drop of the whole powder is exactly 
balanced by the net downward forces (gravity minus buoyancy forces) [8]: 
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�
∆𝑃
𝐿0
� = �1 − 𝜀𝑚𝑓��𝜌𝑝 − 𝜌𝑔�𝑔                                                                          Equation 6 
where 𝜀𝑚𝑓 is the Minimum Fluidization Bed Voidage and 𝜌𝑝 is the particle density.  
Combining Equation 6 and Equation 7 and then multiplying both sides by 
 𝜌𝑔𝑑𝑝
3
�1−𝜀𝑚𝑓�𝜇𝑔
2        Equation 7        Gives [18]: 
𝜌𝑔�𝜌𝑝−𝜌𝑔�𝑔𝑑𝑝
3
𝜇𝑔
2 = 150�1−𝜀𝑚𝑓�∅𝑠2𝜀𝑚𝑓3 �𝜌𝑔𝑢𝑚𝑓𝑑𝑝𝜇𝑔 � + 1.75∅𝑠𝜀𝑚𝑓3 �𝜌𝑔𝑢𝑚𝑓𝑑𝑝𝜇𝑔 �2                                  Equation 8 
A dimensionless form of Equation 9 can be written as [18] 
𝐴𝑟 = 150�1−𝜀𝑚𝑓�
∅𝑠
2𝜀𝑚𝑓
3 𝑅𝑒𝑚𝑓 + 1.75∅𝑠𝜀𝑚𝑓3 𝑅𝑒𝑚𝑓2                                                                  Equation 9 
where 𝐴𝑟 = 𝜌𝑔�𝜌𝑝−𝜌𝑔�𝑔𝑑𝑝3
𝜇𝑔
2    is the Archimedes number and  𝑅𝑒𝑚𝑓 = 𝜌𝑔𝑢𝑚𝑓𝑑𝑝𝜇𝑔   is the 
Reynolds number at the minimum fluidization. 
Wen and Yu (1966) found that the following two approximations hold true at 34% 
standard deviation with the experimental data for many kinds of particles over a wide 
range of conditions  (𝑅𝑒 = 0.001~4000) [18] 
1
∅𝑠𝜀𝑚𝑓
3 ≈ 14 𝑎𝑛𝑑 �1−𝜀𝑚𝑓�∅𝑠2𝜀𝑚𝑓3 ≈ 11                                                                           Equation 10 
With such simplification, Equation 11 is written as [18] 24.5𝑅𝑒𝑚𝑓2 + 1650𝑅𝑒𝑚𝑓 = 𝐴𝑟                                Equation 11 
which can be further rearranged to [18] 
𝑅𝑒𝑚𝑓 = �𝐶12 + 𝐶2𝐴𝑟 − 𝐶1                                                Equation 12 
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where C1=33.7 and C2=0.0408. When the Reynolds number is very low, the viscous term 
in Equation 6 will be dominant and the inertial term becomes negligible. In such cases as 
with small particles, Equation 13 can be simplified to give [18] 
𝑈𝑚𝑓 = �𝜌𝑝−𝜌𝑔�𝑔𝑑𝑝21650𝜇𝑔 �𝑅𝑒𝑚𝑓 < 20�                     Equation 13 
In addition, for powders of different sizes and materials, many empirical correlations 
have also been proposed to predict Umf [17], [19], [20], [21]. In the gas-solid fluidization 
process, the bed maintains a state of fixed bed until the Superficial Gas Velocity exceeds 
Umf. Therefore, the pressure drop across the particle bed at the Minimum Fluidization 
Velocity can still be estimated with the Ergun equation. 
Another useful but completely empirical correlation was proposed by Leva (1959) for 
Umf prediction in the case of low Reynolds number (Remf < 30), which takes the form of 
[18] 
𝑈𝑚𝑓 = 7.169×10−4�𝜌𝑝−𝜌𝑔�0.94𝑑𝑝1.82𝜌𝑔0.06𝜇𝑔0.88           Equation 14 
Assuming no or negligibly small cohesive force present in the particle bed, the pressure 
drop at Umf would equate with the weight of particles per unit bed area, i.e., Umf is 
generally regarded as one of several important parameters to indicate the fluidization of a 
powder. Small Umf indicates that the powder is more easily fluidized while larger Umf   
implies more energy is required to fluidize the powder [8]. 
In addition to pressure drop, another important parameter in fluidization differencing 
flow behavior is powder voidage, ε (or bed expansion). There is a very clear powder bed 
expansion after the powder is fluidized as illustrated in Figure 1. This is because fluidized 
particles are no longer in contact, with their weight being supported by the drag force 
applied by the gas [8] . 
Characteristics of each fluidization regime, including powder pressure drop, Bed 
expansion ratio have been intensively studied and can be found in many books in 
fluidization [16], [22], [23], [8], [24], [25], [8], [26], [27] . 
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2.3 Geldert Group Classification 
There are different kinds of classification in the fluidized bed situation to predict powder 
behavior. One of the most well-known fluidization behavior class systems is the Geldart 
powder classification chart [28].  
This classification contains three distinct groups and one other which are described in this 
study. Cohesive (c), aeratable (A), bubbly-ready (B) and spottable (D) groups, with 
respect to differences between particle density and fluid density (ρp-ρf) and particle size 
(dp) [8].  
Figure 2 indicates the 4 different zones in the Geldart classification. In the diagram, the 
particle size (dp) is the equivalent volume-surface mean diameter (𝑑𝑣𝑠����) of a powder. This 
classification essentially reflects the effects of particle size on powder fluidization 
behaviors [8]. 
 
Figure 2- Geldart powder classification diagram 1973 [28] 
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Geldart group C powders, refers to cohesive powders and fine powders with an average 
diameter smaller than 50 microns. The characteristics of the powder in this group powder 
are that the powder generally appears to be very cohesive and difficult to fluidize. For an 
instant, the powder experiences poor fluidization behaviors such as inconsistent and/or 
part fluidization and gas flowing through the powder bed by passing through channels 
and cracks formed due to the cohesive nature of powder instead of voids between 
particles [28].  
This difficulty arises because the inter-particle forces are greater than those which the 
fluid can exert on the particle. These are generally the result of very small particle size. 
Particle mixing and consequently heat transfer between a surface and the bed are much 
poorer [29] than with powders of groups A or B [28]. 
Besides poor fluidization behaviors, fine powders in (Geldart’s groups C and A/C (a 
transition between groups A and C)) also demonstrate problematic flow in other powder 
processes such as arching during silo discharge and irregular transportation [28]. 
 As a result, although fine powders are preferred by many applications across industries 
because of their many advantages such as relatively larger specific area, the difficulties 
encountered in powder handling processes due to the cohesive nature of fine powders 
prevent them from being widely applied [28]. 
Particles of group A have a smaller mean size and low particle density (less than about 
1.4 g/cm3) and they have the same behavior such as greatly expanding before bubbling 
commences [29].When the gas supply is suddenly cut off , the bed collapses slowly [30]. 
This is similar to the Superficial Gas Velocity of the gas in the dense phase; typically at a 
rate of 0.3-0.6 cm/s. Gross circulation of the powder [25] occurs even when a few 
bubbles are present, producing rapid mixing. Bubbles in a two-dimensional bed appear to 
split and coalesce very frequently [28].  
Group B contains most materials in the mean size and density ranges   40µm < dsv < 500 
µm, 4 g/cm3> ρs > 1.4 g/cm3, sand being the most typical powder [28]. 
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In contrast with group A powders, naturally occurring bubbles start to form in this type of 
powder at or only slightly above Minimum Fluidization Velocity. Bed expansion is small 
and the bed collapses very rapidly when the gas supply is cut off [28]. 
In the Geldart classification group, confined to large and/or very dense particles, is not so 
readily apparent as in the other three cases since relatively little published information is 
available  [31], [32]. Relatively sticky materials can be fluidized since their high particle 
momentum and fewer particle-particle contacts minimize agglomeration. There is some 
evidence that bubble sizes may be similar to those in group B powders at equal values of 
bed height and U – U0, but that bubble formation does not commence until about 5 cm 
above the distributor [33]. However, it does appear that if gas is admitted only through a 
centrally positioned hole, Group D powders can be made to spout [28]. 
2.4 Hausner Ratio and Carr’s Indices 
Haunser ratio, defined as the ratio of the bulk density after tapping (ρt) to the bulk density 
at an aerated state (ρa), has been adopted as a flow indicator in a wide variety of 
industries [34], [35], [36], [37]. 
𝐻𝑅 = 𝜌𝑡
𝜌𝑎
                                                                                                              Equation 15 
Generally, a Hauser ratio smaller than 1.25 is considered to be an indication of excellent 
flow properties. Geldart [38] found that it can also reflect fluidization behaviors: Geldart 
group C powders have an Haunser ratio larger than 1.4 and the powders in transition 
between Geldart groups A and C have Haunser ratios varying from 1.25 to 1.4. The 
relationship of the Hausner ratio to the powder flow and fluidization properties was 
established empirically. Therefore, it is sometimes criticized for not having a strong 
theoretical basis. However, use of this measure persists because the equipment required 
to perform the analysis is relatively inexpensive and the technique is easy to learn [8]. 
Sometimes, powder compressibility (C) is equivalently used. It is defined as: 
𝐶 = 100 × (1 − 𝜌𝑎
𝜌𝑡
)                                                                                            Equation 16 
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Compressibility is one of the flow indices proposed by Carr [39]. In addition to 
compressibility, Carr also suggested a series of other indices including angle of repose, 
angle of fall, angle of spatula, uniformity, Carr’s cohesion and dispersibility [39] [40].All 
of these indices can be measured in a powder tester manufactured by Hosokawa Micron 
Ltd. [41]. The results from these indices can be combined into a single flowability index 
to classify powders into 7 groups as follows [39]. 
Table 1- Classification of Powders by Carr [39] 
 
Carr’s flowability index Flow properties 
900-100 Very good 
80-89 Fairy good 
70-79 Good 
60-69 Normal 
40-59 Not good 
20-39 Poor 
0-19 Very poor 
 
2.5 Angle of Repose 
Besides the particle size and distribution, the flowability of powder formulation is also an 
important aspect that could affect the dose uniformity, dose filling consistency, and even 
dispersion of drug particles from the carriers. To evaluate the flowability of drug 
formulation, many instruments are widely used in powder technology research, angle of 
repose (AOR) including Rotational Bed Expansion Ratio [42]. 
Angle of repose is the largest angle at which powders can pile up. It is mainly related to 
the powders, cohesion and internal friction. The angle of repose is widely used as an 
indication of powder flow properties, not only because it can be evaluated relatively more 
quickly and easily with sample equipment in comparison to some of the other methods, 
but also empirically speaking, the angle of repose can adequately estimate powder’s flow 
properties in terms of accuracy [8]. 
The upper limit to the slope of the top surface of a piled powder and the angle between 
this maximum slope and the horizontal plane is known as the angle of repose (θ), as 
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shown in Figure 3. Segregation of coarse and fine particles was found during a practice of 
angle of repose measurement. This is because, when a powder is piled up, some of the 
powder cascades down the surface with coarser particles travelling further down the slope 
[8].  
 
 
 
Figure 3-Schematic of angle of repose 
 
To overcome the cohesiveness of fine powders, various fluidization aids have been 
developed. Overall, they can be divided into 2 categories:  
The first one introduces external energy to break channelling cracks and powder 
agglomerates, such as mechanical vibration [43], acoustic waves [44], [45], and magnetic 
or electrical field disturbances [46]. The other category is to modify the surface of the 
19 
particles to reduce inter-particle forces by adding coarser or finer particles as flow 
conditioners/additives [47], [48]. 
Modifying the surface of ginseng powder and other fine powders was applied in this 
study by high shear wet granulation to improve flowability. Then, it was evaluated by 
Conventional Fluidized Bed and Rotating Fluidized Bed.  
2.6 High Shear Wet Granulation 
 
The high shear wet granulation process is usually used to increase powder handling 
properties, such as flowability, in pharmaceutical Because of reliable factors, such as 
binder type and concentration, surface energy of the drug and excipients, and process 
parameters, granule nucleation and growth kinetics during high shear wet granulation are 
still complex in this industry. In science, much is known about the high shear wet 
granulation process whereas the engineering high shear wet granulation process remains 
a distant goal [49], [50]. 
A number of books and review papers are available that summarize the state of the 
knowledge in this field [51], [52], [53], [54], [55], [56], [57], [58], [59]. 
As you see in Figure 4, most high shear mixers consist of a stainless steel vessel, a four -
bladed impeller at 3 levels..  
 
Figure 4-Schematic of inside of wet granulation was used. 
 
 Typically, high shear wet granulation is performed as a batch operation. Firstly, dry 
powders are mixed together by the impeller blade, which rotates through the powder bed. 
20 
Secondly, a liquid binder is added while the impeller ensures liquid spreading and the 
chopper breaks down wet, coarser agglomerates. Finally, densification of granules takes 
place during wet massing through an impeller rotation without liquid addition [60]. As 
you can see in Figure 5, an agglomeration of fine particles in wet granulation is achieved 
by acquaintance with a binder fluid onto a shearing mass of powder. Due to the viscosity 
and the surface tension of the fluid, the powder particles are bound together to form 
larger aggregates [61]. The various mechanisms involved in wet granulation are wetting 
and nucleation; Consolidation and growth and breakage and attrition. However, the 
theoretical aspects of granulation are not sufficiently understood to quantitatively predict 
the effect of physico-chemical properties and operating conditions on the growth rate and 
dominant mechanism [62]. 
 
Figure 5-Illustration of granule growth by nucleation and by coalescence [63] 
 
Besides the description of macroscopic phenomena, some researchers have also tried to 
explain the agglomeration process in a high shear mixer at the microscopic level. 
According to the saturation degree of pore spaces in the granule [64], as you see in Figure 
6, first proposed the existence of three saturation states, which represent a progressive 
increase in moisture content:  the pendular, funicular and capillary states. Firstly, surface 
tension at the particle–liquid interface and the presence of liquid bridges cause the 
formation of first agglomerates, thus leading to the pendular state. By increasing the 
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liquid content, a continuous network of liquid can be noted at the funicular state. The 
capillary state corresponds to the saturation degree at which pore spaces are completely 
filled [65]. Also the droplet state is introduced, which occurs when liquid completely 
surrounds the granule. [61] 
 
 
Figure 6-Schematic of 4 different phases of granulation [63] 
 
2.7 Design of a Rotating Fluidized Bed with a Special 
Air Distributor 
 
The Fluidized bed has been widely used in many industries because of its desirable 
characteristics such as high heat and mass transfer rates, temperature homogeneity, easy 
handling, and rapid mixing of particulate materials. However, in the Conventional 
Fluidized Bed, it is difficult to operate at a high gas velocity since the gas–solid contact 
becomes rather poor due to the large bubbles and slugs. It is also difficult to uniformly 
fluidize fine particles, such as Geldart group-C particles, due to channeling, lifting as a 
plug, and forming ‘rat holes’ [28]. 
A new Rotating Fluidized Bed is applied in this thesis with a novel gas distributor which 
is designed by Professor. Jesse Zhu.  It can overcome Conventional Fluidized Bed 
limitations. The key advantage of our new Rotating Fluidized Bed with low  centrifugal 
force is helping powder to overcome the intra - particle force and suspended more easily 
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upward. So, it helps powder to have less minimum fluidization velocity. Also, powder 
can be fluidize in the Rotating Fluidized Bed.  
Figure 7 shows a schematic diagram of the Rotating fluidized bed (RFB). The solid 
materials in the form of granules and fine powders are introduced into the cylinder and 
forced to move upward due to the large drag force produced by air flowInstead of having 
a fixed gravitational field, as in a Conventional Fluidized Bed, the body force in a 
centrifugal bed may be varied by changing the motor speed of the bed. 
 
 
Figure 7- Rotating fluidized bed (RFB) system: (a) front view and (b) overview. 
Figure 8 compares the fluidization mechanism in  the Rotating Fluidized Bed with 
Conventional Fluidized Bed. In a Conventional Fluidized Bed, the air distributor is 
mounted horizontally and the powder samples are introduced onto the distributor. 
Powders are lifted up by a vertical airflow (drag force and buoyancy against the gravity 
force). In a Rotating Fluidized Bed, powder samples are introduced inside the chamber 
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and they are forced to the up flow by the drag force due to the air flow but fine powders 
do not stick to the wall. Powder flows up through the air distributor [66], and the forces 
on the powder are balanced by the airflow (drag force and buoyancy) and the gravity 
force and small amount of centrifugal force.  
 
(a) Conventional  Fluidized Bed       (B) Rotating Fluidized Bed 
Figure 8- Comparison between two different Fluidization mechanisms [66] 
 
A number of books and review papers are available that summarize the state of the 
knowledge in this field [67], [68], [69], [70], [71], [72], [73], [74], [75], [76].  
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Chapter 3 
Materials and Methods 
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3.1 Experimental Materials 
 
In this study, Micro Crystalline Cellulose (MCC) (Avicel PH105) with size 39 µm, North 
American Ginseng powder with size 48µm, Lactose powder With size 27.23µm. Polymer 
A powder with size 25 µm were used. The physical properties of experimental powders 
are mentioned in Table 2. 
We chose MCC as a model compound in this study for two reasons. Firstly, it is mainly 
used in granulating and secondly it is used as a binder for tableting and a granulation aid 
in high shear wet granulation. It has ideal physical properties, including moisture 
retaining and distributing ability [77]. It has an extremely high internal porosity and a 
large surface area due to randomly aggregated filamentous microcrystals. The high 
internal porosity and large surface area provide highly absorbent and moisture retaining 
properties which are essential to the granulation process [15].  
Table 2- Physical properties of experimental powders 
 
Material Tapped density (g/cm3) 
Bulk density 
(g/cm3) 
Particle 
size(µm) 
Geldart powder 
group AOR(°) D10 D50 D90 
MCC Powder 0.435 0.418 48 C 44.2 15.3 39 96.4 
Ginseng Powder 0.69 0.657 50 C 48.18 9.21 45.5 100.6 
Lactose Powder 0.8 0.693 28 C 50.44 6.78 27.23 53.1 
3.2 Experimental Set-up 
Fundamental experiments were run in order to find different characteristics and compare 
the different results. For finding flow properties, samples were taken to measure angle of 
repose, bulk density, tapped density. The Minimum Fluidization Velocity and the 
Maximum Bed Expansion Ratio were achieved in two different fluidized beds, 
Conventional Fluidized Bed and Rotating Fluidized Bed. 
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3.2.1 Granulation 
 
The experimental set-up used in this study is represented in Figure 9. The apparatus 
consists of a batch Mechonomill (Okada Seiko Co. Ltd., Tokyo) high shear mixer having 
a total volume of 3 L and useful volume of 1 L equipped with a downward facing 
pneumatic spraying system. All pieces are made from stainless steel. The mixing 
chamber is a vertical cylindrical bowl. The mixing impeller consists of a motor-driven 
horizontal shaft supporting four radial plough-share shovels arranged at a 90◦ angle. The 
speed of the mixing impeller is adjustable from 0 to 800 Revolutions Per Minute 
(R.P.M). A trapdoor situated at the top of the bowl permits the loading as well as the 
emptying of the mixer. After loading the mixer with a desired amount of powder, the 
hatch is covered to prevent dust emanation. There is a filter in the door for preventing 
dispersion of powder into the room. A pump is used to feed granulating liquid from a 
tank (maintained at 25 ◦C) to the spray nozzle. 
Granule samples were taken after the end of the wetting time and dried in an oven at 40 ◦
C until constant weight was achieved.  The granules were prepared as a thin layer on the 
oven plate. To avoid caking or a huge difference in particle size distribution due to caking 
and/or attrition phenomena, drying was used. 
           
Figure 9- Picture of high shear granulation Okada Seiko Co. Ltd., Tokyo 
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3.2.2 Particle Size Distribution of Powder 
 
Particle size and distribution of fine Ginseng powder, Lactose powder and MCC powder 
were measured by the Particle Size Distribution Analyzer (TSI Incorporated, USA). It 
was used 3 times and then average numbers were calculated. 
3.2.3 Particle Size Measurement of Granules 
A first qualitative analysis of granule particle size was carried out using Sieve analysis. 
Results were collected after the end of the wetting time and dried in an oven at 40 ◦C 
until constant weight was achieved.  
Then, Sieve analysis was performed using an American standard vibrating sieve 
apparatus (ASTM, USA) at 5 mm vibration amplitude for 5 min in order to determine 
Particle Size Distribution (PSD) of the final product. The sieve apertures were: 65, 75, 
90, 125, 150, 212, 250, 300, 355, 425, 710,850, 1000, 1140, 1180 and 1400 µm. Powder 
fractions were collected and then weighed.  
As a consequence, 11 samples with various flow and fluidization properties were 
prepared by granulating the powders with different concentrations and densities. 
Comprehensive examination of their flow and fluidization properties was carried out by 
the methods detailed in the next section [78].  
3.2.4 Bulk and Tapped Density 
 
 Determination of Bulk and Tapped Densities is a method to determine the bulk densities 
of powdered drugs under loose and tapped packing conditions respectively. USA pattern 
was used in this study. Loose packing is defined as the state obtained by pouring a 
powder sample into a vessel without any consolidation, and tapped packing is defined as 
the state obtained when the vessel containing the powder sample is to be repeatedly 
dropped a specified distance at a constant until the apparent volume of sample in the 
vessel becomes almost constant [79]. 
28 
A sufficient quantity of powder was passed through a sieve to complete the test with 
apertures greater than or equal to 1.0 mm.  Because of the breakup of the agglomerates 
that may have formed during storage, it was done gently to avoid changing the nature of 
the material. The sample was introduced gently, without compacting it into the dry 
graduated cylinder of 250 ml (readable to 2 ml). A different amount of powder was used 
for test samples, such that the untapped apparent volume each sample was different.  The 
mass of the test sample was specified in the expression of results [79].Powders without 
compacting were leveled, and the unsettled apparent volume (V0) was read to the nearest 
graduated unit .Bulk density was calculated in g per ml by the formula m/V0 [79]. 
Tapped density was measured by the TAP-2 TAP density tester (Logan Instruments 
Corp) in this thesis. The apparatus Figure 10 consists of the following: 
– A 250 ml graduated cylinder (readable to 2 ml) with a mass of 220 ± 44 g. 
– A settling apparatus capable of producing, in 1 min, either nominally 250 ± 15 taps 
from a height of 3 ± 0.2 mm, or nominally 300 ± 15 taps from a height of 14 ± 2 mm. 
The support for the graduated cylinder, with its holder, has a mass of 450 ± 10 g. 
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Figure 10- Schematic of tapped density instrument [79] 
The tapped density is an increased bulk density reached after mechanically tapping a 
container containing the powder sample. The tapped density was obtained by 
mechanically tapping a graduated measuring cylinder or vessel containing the powder 
sample. After observing the initial powder volume or mass, the measuring cylinder or 
vessel was mechanically tapped, and volume or mass readings were taken until little 
further volume or mass change was observed (bulk density constant). The mechanical 
tapping was achieved by raising the cylinder or vessel and allowing it to drop, under its 
own mass; a specified distance was measured by the method described below. Devices 
that rotate the cylinder or vessel during tapping may be preferred to minimize any 
possible separation of the mass during tapping down [79]. 
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3.2.5 Angle of Repose 
 
The measurement of the angle of repose was carried out using a PT-N Hosokawa Powder 
Characteristic Tester, following the standardized testing procedures of ASTM D6369-08 
[8], as shown schematically in Figure 11. For each test, a powder sample was first loaded 
on a screen mounted with a vibrator. The Particles were controlled to fall down through 
the funnel which was mounted under the screen in a slow and consistent rate by adjusting 
the vibration intensity. These particles would pile up on a plate which was ranged with 
the funnel. When the whole plate was covered with the particles, the largest angle 
between the powder surface and the horizontal plane was measured as the angle of 
repose. For each powder sample, 3-5 measurements were repeated and the average was 
used [8]. 
 
Figure 11-Schematic diagram of a Hosokawa powder tester for angle of repose measurement [8]. 
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In general a smaller angle of repose indicates better flow properties as found in Table 3. 
Powders can be roughly categorized into the following 5 groups according to their angle 
of repose values [80] . 
Table 3- Classification of flow properties by the angle of repose 
 
Angle of repose Flow properties 20° < 𝜃 < 30° Very free-flowing 30° < 𝜃 < 38° Free-flowing 38° < 𝜃 < 45° Fair to passable flow 45° < 𝜃 < 55° Cohesive 55° < 𝜃 < 70° Very cohesive 
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3.2.6 Scanning Electron Microscopy 
 
Scanning electron micrographs were used to assess particle size and the morphology of 
the granules.  
The images were obtained using a scanning electron microscope (SEM, Model S-2600N, 
Hitachi, Tokyo, Japan) at an accelerating voltage of 2.5 to 5.0 kV and working distances 
between 4.0 and 10.0 mm. All samples were coated with gold to an approximate 
thickness of 5 nm with a sputter-coater operating under the vacuum (Edwards, 
Sussex,UK). Sputter coating at nanometer thickness was small compared with the micron 
range particle diameters examined, and therefore not expected to alter the observed. 
3.2.7 Bed Expansion Ratio and Normalized Pressure Drop 
Testing in the Conventional Fluidized Bed 
 
Fluidization parameters of powder samples including Bed Expansion Ratio and 
Normalized Pressure Drop were measured in a fluidized bed system as shown 
schematically in Figure 12. 
 It involved a gas supply and a fluidized bed. In the gas supply, compressed air flowed 
into a wind box as a fluidization gas with its flow rate monitored by a series of 
Rotameters. The Wind box was 63.59 mm in diameter and 57.25 mm in height, above 
which was a fluidized bed column that has a same diameter as a wind box and it was 
201.29 mm in height. A porous polymer plate was placed between the column and the 
wind box as a gas distributor. Two pressure probes connected to a differential transducer 
were inserted into two ends of the column to measure the pressure difference of a powder 
bed by connecting the probes to U-tube water manometer. [8] 
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Figure 12-Schematic diagram of the fluidized bed system for Bed Expansion Ratio and pressure drop 
measurements 
Determinations of pressure drop and bed height are desirable for the determination of this 
property.  
During a test, approximately 60 grams of a powder sample were first loaded into the 
column. Then powder fluidized at a gas flowrate of 50 SCFH until the powder reached a 
steady state so that large agglomerates formed during storage were broken and the 
powder‘s “memory” from previous handling  processes was erased as well. Then the gas 
supply was turned off and the bed settled down until a repeatable state was ready for a 
measurement after the above preparations. The bed height at this time was recorded as an 
initial powder bed height. By adjusting the rotameters, Superficial Gas Velocity was set 
to a designed value. When steady state is occurred, pressure drop through the bed and bed 
heights were measured simultaneously. The Bed Expansion Ratio can be obtained by 
dividing the bed height by the initial powder bed height. Then, the gas velocity was 
reduced and the same measurements were repeated. [8] 
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3.2.8 Bed Expansion Ratio and Normalized Pressure Drop 
Testing in the Rotating Fluidized bed 
Particle sizes and densities and different granulation formulations were performed to 
investigate the powder classification in a Rotating Fluidized Bed. The experimental set-
up is shown in Figure 13. Dry air was fed to the Rotating Fluidized Bed through a bank 
of calibrated Rotameters. A variable-speed motor was used to rotate the bed with the 
speeds between 0 and 16.5 R.P.M for Lactose 45%- 400-700µm and constant speed at 11 
R.P.M for the other ten samples. The experiments were repeated at least three times for 
each condition. At the end, one condition was repeated for ninety times to find standard 
deviation of Normalized Pressure Drop and Bed Expansion Ratio. Then error was 
calculated to make sure our results are reliable. 
25 g particles were charged into the vessel. Before loading the samples into the bed, the 
pressure drop of the distributor of the empty bed was also measured and then subtracted 
from the measured pressure drop of the bed loaded with particles.  
The length of the container is 50 mm, and the inner radius is 76.39 mm. The front covers 
of the chamber and rotating air distributor are both made of transparent acrylic plastic 
that allows for the observation of the Minimum Fluidization Velocity and the quality of 
fluidization both with the eye and a high-resolution digital camera. 
The Bed Expansion Ratio and the Normalized Pressure Drop versus Superficial Gas 
Velocity were plotted.  It was the same as what was plotted in the Conventional Fluidized 
Bed. The Minimum Fluidization Velocity and Maximum Bed Expansion Ratio were 
calculated. Then, the comparison between the Conventional Fluidized Bed and the 
Rotating Fluidized Bed was made in the Chapter 7. 
All of experimental data related to the Conventional Fluidized Bed and the Rotating 
Fluidized Bed were attached in the Appendices 3 and 4. 
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Figure 13-Experimental system of Rotating Fluidized Bed 
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Chapter 4 
Improving of Flow Characteristics by  
Using High Shear Wet Granulation 
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4.1 Introduction 
The high shear wet granulation process is usually used to increase powder handling 
properties, such as flowability, in the pharmaceutical industry. Because of reliable 
factors, such as binder type and concentration, surface energy of the drug and excipients, 
and process parameters, granule nucleation and growth kinetics during high shear wet 
granulation are still complex in this industry. In science, much is known about the high 
shear wet granulation process whereas the engineering high shear wet granulation process 
remains a distant goal [49], [50]. 
4.2 Experimental Materials 
High Shear Wet Granulation is employed in this study, including MCC powder, Ginseng 
powder and Lactose powder. As a result, six types of granules were produced from initial 
group C powder. 
The physical properties of the experimental fine powders are included in Table 4.  
Mixture of polymer A and liquid was used as a binder. 
 
Table 4- Physical properties of experimental powders 
 
Material 
Tapped 
Density 
(g/cm3) 
Bulk 
Density 
(g/cm3) 
Particle 
Size(µm) 
Geldart Powder 
Group AOR(°) D10 D50 D90 
MCC Powder 0.435 0.418 48 C 44 15.3 39.0 96.4 
Ginseng Powder 0.690 0.657 50 C 48 9.2 45.5 100.6 
Lactose Powder 0.800 0.693 28 C 50 6.8 27.2 53.1 
The formulations of granules are listed in Table 5. Concentration of granules is calculated 
by mass of specific powder/total mass of powder.  
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Table 5- Formulation of granules 
 
Formulation Lactose powder(%w/w) Ginseng powder(%w/w) Polymer A (%w/w) MCC(%w/w) 
MCC 0 0 3% 97% 
Lactose 45% 45% 0 3% 52% 
Lactose 60% 60% 0 3% 37% 
Lactose 80% 80% 0 3% 17% 
Ginseng 45% 0 45% 3% 52% 
Ginseng 80% 0 80% 3% 17% 
According to the reviewed papers [81], [82], one of the most effective parameters in 
granulation is liquid content. So, liquid content was changed and kept the other 
parameters constant to find the best operating condition. Also, in some articles tip speed 
has an important rule [81], [82] .The optimum tip speed was 700 R.P.M in this study 
which was supported by other experiments. This amount of powder was added separately 
to the dry powder at the first step of granulation. Then liquid was pumped [83] . 
 There are six different formulations of granules in this thesis. Several experiments were 
run for each granulation. After that, results were compared with each other and found out 
which operation condition was the best.  
For example, the best operating condition for producing MCC granules is given from 5 
different yields shown in Table 6.  There are three main steps (it was comprehensively 
explained in the chapter 2), Agglomeration, dry mixing and wet mixing in each 
granulation methods. Also, a different amount of liquid content was indicated for each 
step.  
The yield is defined as the amount of achieved granules in the size range of 400-700 µm 
divided by the total amount of initial powder. 
 The optimum condition can be achieved by comparing different yield % to the amount of 
liquid content in the same condition in our experiments. Test 4 shows fewer yields than 
other experiments with just 8.48% yield and 200 ml liquid content. After that Test 5, 
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Test1 and Test 3 have the lowest amount of yield with 14.16, 18.81 and 20.88 % with the 
following liquid content of 150, 100 and 120 ml. So, the best operating condition is Test 
2 with 80 ml water content. Before test 2 the rest of them had fewer yields.  
The rest of granulation methods are in appendix 1.  
Table 6- Investigating of granulation method 
 
MCC pellets Test1 Test2 Test3 Test4 Test5 
Agglomeration time 5 min 5 min 5 min 5 min 10 min 
Dried mixing time 15 min 40 min 35 min 30 min 10 min 
Wet mixing time 35 min 50 min 60 min 80 min 40 min 
Liquid content 100 ml 80 ml 120 ml 200 ml 150 ml 
Yield 18.81% 22.31% 20.88% 8.48% 14.16% 
 
4.3 Results 
4.3.1 Physical Properties of Granules 
 
Table 7 shows characteristics of granules which are made by high shear wet granulation. 
Distribution size and particle size which were measured by sieving and tapped and bulk 
density, were collected in Table 7. Then, these data went to Geldart group classification. 
As a result, granules belong to Geldart group A classification. Fine powder particle size is 
becoming larger and better flowability by High Shear Wet Granulation. 
.  
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Table 7- Physical Properties of Granules 
Formulation 
Particle size 
distribution  
(µm) 
dp 
(µm) 
Tapped density 
(g/cm3) 
Bulk density 
(g/cm3) 
Geldart powder 
group  
MCC 400-700 529 0.741 0.733 A 
Ginseng 45% 400-700 529 0.780 0.768 A 
Ginseng 80% 400-700 529 0.720 0.628 A 
Lactose 45% 100-400 194 0.625 0.582 A 
Lactose 45% 400-700 529 0.547 0.517 A 
Lactose 45% 700-1000 846 0.496 0.454 A 
Lactose 60% 400-700 529 0.500 0.473 A 
Lactose  80% 400-700 529 0.666 0.582 A 
4.3.2 Particle Size and Distribution 
 
The Particle size distribution of powders such as Ginseng powder, Lactose powder, MCC 
powder and granules such as Ginseng 45%, Ginseng 80%, Lactose 45%, Lactose 60%, 
Lactose 80% and MCC pellets were obtained by sieving and using a particle size 
distribution instrument. 
For example, as indicated in Table 8 and Figure 14, particle size distribution of Ginseng 
45% is shown. Most particles are in the size distribution between 400 and 700 µm which 
shows our experiments have the best operating condition. In experiments, we only used 
the fraction between 400-700 µm. 
The rest of the Particle Size Distributions are in the Appendix 2. 
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Table 8- Particle Size Distribution for Ginseng 45% Granules 
 
Size(µm) Weight(g) Weight (%) 
1400 6.76 1.69 
1086 7.3 1.83 
921 14.11 3.53 
776 18.2 4.56 
549 24.7 6.18 
388 132.13 33.08 
326 40.17 10.07 
273 32.46 8.13 
230 25.93 6.49 
178 26.77 6.7 
137 31.89 7.98 
107 12.65 3.17 
82 14.07 3.52 
69 4.15 1.04 
62 1.83 0.46 
59 6.32 1.58 
 
 
 
 
Figure 14- Particle Size Distribution of granules of Ginseng 45% 
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4.3.3 Angle of Repose 
 
The results of Angle of Repose (AOR) test from different powder have been listed in 
Table 9. By comparing the three initial powders, Lactose has the less particle size and 
more bulk density and the biggest amount of Angle of Repose in order to my initial 
powders. It means that lower particle size and more bulk density are avoiding flowability. 
MCC powder has the best flowability characteristics in comparing of my initial powder. 
Table 9- Result of Angle of Repose of initial powders 
 
Material Particle size (µm) 
Bulk density 
(g/cm3) AOR(°) 
MCC Powder 48 0.418 44 
Ginseng Powder 50 0.657 48 
Lactose Powder 28 0.693 50 
 
Six different granules which were made by initial powders are shown in the Table 10.  
All materials are in the distribution size between 400 and 700 µm but they have different 
bulk density. Overall, there is not a significant relationship between bulk density and the 
Angle of Repose at the same distribution size in my study work. 
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Table 10- Result of Angle of Repose for granules 
 
Material 
Distribution 
Size (µm) 
Approximately particle 
size(µm) 
Bulk Density 
g/cm^3 
AOR(°) 
MCC pellets 400-700 529 0.733 29.14 
Ginseng  45% 400-700 529 0.768 34.52 
Ginseng 80% 400-700 529 0.628 36.88 
Lactose 45% 400-700 529 0.517 33.70 
Lactose 60% 400-700 529 0.473 43.20 
Lactose 80% 400-700 529 0.582 35.18 
 
Comparing Table 9 and Table 10, the decreasing Angle of repose is observed with 
granulation which proved the flowability by high shear wet granulation. 
4.3.4 Morphology Study 
Images of different granulation were taken at the same magnification (i.e. 150×) in order 
to facilitate the comparison between the effects of granulation on the flowability of 
powders [84]. Figure 15 and Figure 16 showed the morphological properties of fine 
powders such as MCC powder, Lactose powder, ginseng powder and granules such as 
Ginseng 45%, Lactose 45% respectively. 
As a conclusion, granulation helps increase the size of the powder and also helps a 
powder to have a better shape and more sphericity. Finally, it is expected that granules 
will have better flowability and flow characteristics. For example with increasing of 
sphericity flowability is improved. 
Results are not conclusive in this section. 
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Ginseng powder Lactose powder  MCC powder 
              Figure 15- SEM image of powders 
 
 
  
Ginseng 45% Lactose 45% 
  
Ginseng 80% Lactose 80% 
 
               Figure 16- SEM image of granules 
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Chapter 5 
Fluidization Measurements in  
a Conventional  Fluidized Bed   
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5.1 Introduction 
 
Gas-solid fluidization occurs when particulate materials are suspended in up-flowing gas. 
A preferred mode of operation is when the gas and powder are brought into good contact. 
This is due to its special characteristics: uniform and extensive gas-solid contact, good 
solids mixing leading to uniform temperature, high mass and heat transfer rate, easy solid 
handling , etc. [13].  
For measuring the characteristics of gas velocities, most researchers tried to follow the 
common practice of employing  Minimum  Fluidization  Velocity (Umf) for the 
fluidization of non-cohesive powders and cohesive powders. Umf  is a critical gas velocity 
at which fluidization is initiated by up-flowing gas [85].The final formula for finding 
theoretical Umf is [8]: 
𝑢𝑚𝑓 = �𝜌𝑝−𝜌𝑔�𝑔𝑑𝑝21650𝜇𝑔 �𝑅𝑒𝑚𝑓 < 20�                                Equation 17 
where 𝜇𝑔 and 𝜌𝑔 are the gas viscosity and density respectively. As U further increases up 
to Umf, the gravitational force of the powder is balanced by the aerodynamic force exerted 
by the up-flowing gas; therefore pressure drop through the whole bed equals the powder 
weight per cross-sectional area of the fluidized bed. Beyond Umf, the powder bed starts 
expanding leading to increasing voidage (𝜀) while the pressure drop remains constant [8]. 
Alternatively, a modified Umf, defined as the gas velocity where Normalized pressure 
Drop (∆Pn) becomes constant, was adopted by some researchers [86], [87], [88].  
Although it was also referred to as Umf  in those studies, it is a substantially different 
critical gas velocity, which seems to characterize the gas velocity at which the powder is 
fully fluidized [8].  
A Bed Expansion Ratio was employed to characterize the powder fluidization quality 
based on the belief that a higher Bed Expansion Ratio indicates more gas in the 
interstitial void between particles. This  implies  gas-solid contact and thereby the better 
fluidization quality.  For Geldart groups C and A/C powders, due to their cohesive nature 
that  leads to powders sticking onto and clogging the probes, the study of bed voidage 
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was actually still limited to measuring the overall Bed Expansion Ratio against 
Superficial Gas Velocity [8]. 
 A Bed Expansion Ratio is employed to characterize the powder fluidization by either 
comparing the Maximum Bed Expansion Ratios or the bed expansion ratios at some 
specific gas velocity [89], [90]. However, a Bed Expansion Ratio also depends on powder 
material properties and other physical properties other than fluidization properties, such 
as powder size. For instance,  Geldart group A powders are generally regarded as 
powders with better fluidization properties that are more easy to fluidize [8]. 
5.2 Results 
The Minimum Fluidization Velocity can be identified by locating the intersection of two 
lines: where Normalized Pressure Drop (∆Pn)  is constant  and the line indicating 
Normalized Pressure Drop and Superficial Gas Velocity  which has a slope [85], [91], 
[92]. The Normalized Pressure Drop (∆Pn ) which is the ratio of pressure drop through 
the whole powder bed of the pressure exerted by the unit cross-sectional area of powder 
weight. In Figure 17, the Minimum Fluidization Velocity was given, for granule of 
Lactose powder with a concentration of 45 % (w/w) and the mean diameter of 
approximately 525 µm  (Geldart group A powder),  by plotting the Normalized Pressure 
Drop  with respect to the Superficial Gas Velocity as an example. Also, the Maximum 
Bed Expansion Ratio was applied by plotting the Bed Expansion Ratio to the Superficial 
Gas Velocity. The Maximum Bed Expansion Ratio is The Maximum amount of  Bed 
Expansion Ratio which has at least 3 constant points in this study. 
Rest of Figures are in the Appendix 3. 
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Figure 17- Normalized Pressure Drop and Bed Expansion Ratio of a Geldart group A powder in a 
Conventional Fluidized Bed 
In Figure 18, gas flowrate increased until the bed height went up and then went down 
until achieved the same initial height. Lots of powder lost at that time. The gas flowrate 
decreased until it reached zero .In conclusions, the powder can be elutriated and lost 
during high flowrate in the Conventional Fluidized Bed. 
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Figure 18- Normalized Pressure Drop and Bed Expansion Ratio of a typical Geldart group A powder in a 
fluidized bed 
However, for fine powder (Geldart group C) with and without fluidization aids, the poor 
fluidization behaviors due to their cohesive nature sometimes lead to irregular pressure 
drops. They have very strong intra-particle force, so it is very difficult to fluidization.  
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Consequentially, in Figure 19 Ergun’s equations as well as those empirical correlations 
can no longer be applied. It is essentially impractical to obtain Umf   for fine powders in 
Conventional Fluidized Bed. 
 
 
Figure 19- Irregular pressure drop for group C powder 
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5.3 Discussion 
Results from the Conventional Fluidized Bed were summarized in Table 11. 
1. With the assistance of the granulation process, the flow properties of fine 
powders can be improved. 
2. With increasing the diameter of Lactose 45%, the Minimum Fluidization 
Velocity is increased. The Minimum Fluidization Velocity of Lactose 45% 
increased from 0.04 to 0.6 with increasing in diameter from 194 to 846 µm.  It 
seems that particle size has a special rule which effect on the changing of 
Minimum Fluidization Velocity. 
3. A significant relationship between density and Bed Expansion Ratio with the 
Minimum Fluidization Velocity could not be observed in my study.  
4. A Conventional Fluidized Bed is not applicable for the Geldart group C powder, 
because of problems such as channeling, cracking. One can see, no number is 
referred as a Minimum Fluidization Velocity for the fine powders but granules 
have Minimum Fluidization Velocity and Maximum Bed Expansion Ratio. 
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Table 11- Result from Conventional Fluidized Bed 
 
Material Size distribution (µm) 
dp 
(µm) 
ρp 
(g/cm3) 
Umf 
 (cm/s) 
Max Bed Expansion 
Ratio(-) 
Lactose 45% 100-400 194 0.625 0.04 1.52 
Lactose 45% 400-700 529 0.517 0.10 0.77 
Lactose 45% 700-1000 846 0.454 0.60 1.07 
Lactose 60% 400-700 529 0.473 0.24 1.13 
Lactose 80% 400-700 529 0.582 0.14 0.11 
MCC Pellets 400-700 529 0.733 0.40 1.15 
Ginseng 45% 400-700 529 0.768 0.46 1.14 
Ginseng 80% 400-700 529 0.720 0.42 1.07 
Ginseng powder - 50 0.657 - - 
Lactose Powder - 28 0.693 - - 
MCC powder - 48 0.418 - 1.40 
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Chapter 6 
Fluidization Measurements in a 
Rotating Fluidized Bed 
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6.1 Introduction 
A new Rotating Fluidized Bed with a novel gas distributor designed by Professor. Jesse 
Zhu is applied in this study.  It can overcome Conventional Fluidized Bed. Also, it helps 
fine powder to be fluidized and a high gas flow rate can be applied. 
 Our new Rotating Fluidized Bed is different from the one commonly used, which utilizes 
high centrifugal force to increase the gravity. Such a Rotating Fluidized Bed is applied 
for high gas flowrate condition which needs to prevent bubbles and slugging. It has 
disadvantages like increasing the Minimum Fluidization Velocity and the high cost of 
operation. Our new Rotating Fluidized Bed has the less centrifugal force (agitation force) 
and helps fine powder to overcome the intra - particle force and move more easily. So, 
the Minimum Fluidization Velocity is less than state in the Conventional Fluidized Bed.   
In Figure 20, two areas related to the Rotating Fluidized Bed are shown. 
Wet Area which covered by powder was changing with different gas flowrate. So, it was 
challenging to get the Bed Expansion Ratio and the Normalized Pressure Drop and the 
Superficial Gas Velocity, in order to all of them are functionally of perimeter and wet 
area covered with powder. Software (Image pro. 6) was used for measuring the Arc of 
wet area covered by powder and granules for each condition with 100 accuracy. 
 A1 represents the cross sectional area related to inlet air flow. Drag force which is caused 
by the air flow is opposite to gravity, and air flow moves upward from the air distributor.  
A2 represents the wet vertical cross-sectional area which is covered with powder and is 
perpendicular to the A1. The Bed Expansion Ratio can be calculated by dividing the area 
covered by powder (A2) by the initial wet area.  
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Figure 20- Schematic of Rotating Fluidized Bed 
 
Angle (α) is given by using an analysis of photographs, processed by software Image pro 
6. α is used to calculate A1  to find the length of Arc covered with powder. It is calculated 
by multiplying the length of Arc which is covered by powder to the depth of the chamber.  
Then    A1= (α*π*D)*d/360                                                                                Equation 18 
where D is the diameter of the chamber (76.39 mm), d is the depth of the chamber (50 
mm). α was given by putting 3 different points in the software. 
For calculating A2, the exact amount of the area is achieved by considering all of the 
points in the software with accuracy of 100. 
6.2 Results 
Figure 21 shows, the Minimum Fluidization Velocity can be identified by locating the 
intersection of two lines with two different slopes in Normalized Pressure Drop and 
Superficial Gas Velocity. Also, the Maximum Bed Expansion Ratio was the maximum 
amount of bed expansion which is remaining constant . It is measured in the plot of the 
Bed Expansion Ratio versus the Superficial Gas Velocity which  applied in this study.  
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Figure 21- Pressure drop and Bed Expansion Ratio of a Geldart group A powder in a Rotating Fluidized 
Also, in Figure 22 powders Geldart group C was fluidized in the Rotating Fluidized Bed. 
The Minimum Fluidization Velocity of fine powder is a little bit less than Geldart group 
A. Totally, Geldart group C behaves like Geldart group A in the Rotating Fluidized Bed 
considering flowability characteristics. The Minimum Fluidization Velocity is decreased 
and Maximum Bed Expansion Ratio is increased by the Rotating Fluidized Bed which 
shows improvement in fluidization. 
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Figure 22- Pressure drop and Bed Expansion Ratio of a Geldart group C powder in a Rotating Fluidized Bed 
 
6.3 Error Estimation 
The error of Normalized Pressure Drop was estimated by analyzing ninety measurements. 
The average of the measurements and standard deviation were calculated. It was found to 
be: 
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Average= 81.31             Equation 19 
Standard deviation= 6.60 
Error (%) = 3.3/81.31*100=4.06  
This error magnitude did not affect the Rotating Fluidized Bed results significantly as can 
be seen in Figure 23. Since dependency on Normalized Pressure Drop and Superficial 
Gas Velocity is linear the error percentage of the experiment is acceptable. 
 
Figure 23- Error in measuring of Minimum Fluidization Velocity in Rotating Fluidized Bed 
 
The error of the Bed expansion ratio was estimated by analyzing ninety measurements. 
The average of the measurement and standard deviation were calculated. It was found to 
be: 
Average= 97.980                          Equation 20 
Standard deviation= 0.098 
Error (%) = 0.049134/97.98*100= 0.050 (%) 
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This error magnitude did not affect the Rotating Fluidized Bed results significantly way 
as can be seen in Figure 24. Since dependency on Bed Expansion ratio and Superficial 
Gas Velocity is linear the error percentage of the experiment is acceptable. 
 
Figure 24- Error in measuring Bed Expansion Ratio in Rotating Fluidized Bed 
Rest of Figures are available in Appendix 4. 
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6.4 Discussion 
 
Results from the Rotating Fluidized Bed were summarized in Table 12. 
1. As indicated in Table12, Minimum Fluidization Velocity increases as the 
diameter increase for the same material. For the Lactose 45%, with an increasing 
size diameter range from 100-400 to 700-1000 µm, Minimum Fluidization 
Velocity was increased from 0.17 to 0.28 cm/s. It seems that particle size has a 
special effect on the Minimum Fluidization Velocity. 
2. There is not a significant correlation between density and Minimum Fluidization 
Velocity in my study. 
3. The Rotating Fluidized Bed is suitable for the Geldart group C classification. 
Agitation force which came from rotating prevents the powder from adhering to 
the wall and has a better fluidization.  
4. It seems that, there isn’t a significant correlation between the Maximum Bed 
Expansion Ratio and particle size in my study. 
5. When motor speed increases from 0 to 5.5, 11 and 16.5 R.P.M, the Minimum 
Fluidization Velocity increases from 0.11 to 0.19, 0.2 and 0.25 cm/s. Because, 
increasing of rotating speed helps gravitational force and increasing of force 
which is in contrast of drag force. So, the particles need more energy to overcome 
gravity and become suspended. Finally, the Minimum Fluidization Velocity is 
increased. 
6. Our new Rotating Fluidized Bed can be used for different materials, compositions 
and sizes. The Minimum Fluidization Velocities are close to each other and less 
than a Conventional Fludidized Bed. Particle size distribution and particle weight 
does not have any correlation with the Minimum Fluidization velocity. So, one 
new Rotating Fluidized Bed can be used from ginseng powder to different 
concentration of ginseng granules. The Rotating Fluidized Bed can treat fine 
Geldart group C powder as Geldart group A for example, ginseng powder (50 
µm) and Lactose 45% with a size distribution between 400-700 µm have same 
Maximum Fluidization Velocity (1.47) and close Minimum Fluidization Velocity 
(0.19 cm/s for Lactose 45% and 0.17 cm/s for ginseng powder).  
61 
7. The Rotating Fluidized Bed improves flowability by decreasing the Minimum 
Fluidization Velocity and increasing the Maximum Bed Expansion Ratio. 
 
Table 12- Result from Rotating Fluidized Bed 
 
Material 
Motor speed 
R.P.M 
Size distribution 
(µm) 
dp 
(µm) 
ρp 
(g/cm3) 
Umf 
(cm/s) 
Maximum Bed 
Expansion(-) 
Lactose 45% 11 100-400 194 0.625 0.17 1.5 
Lactose 45% 0 400-700 529 0.517 0.11 1.37 
Lactose 45% 5.5 400-700 529 0.517 0.19 1.47 
Lactose 45% 11 400-700 529 0.517 0.20 1.00 
Lactose 45% 16.5 400-700 529 0.517 0.25 1.00 
Lactose 45% 11 700-1000 846 0.454 0.28 1.00 
Lactose 60% 11 400-700 529 0.473 0.20 1.00 
Lactose 80% 11 400-700 529 0.582 0.12 1.43 
MCC pellets 11 400-700 529 0.733 0.18 1.57 
Ginseng 45% 11 400-700 529 0.768 0.16 1.20 
Ginseng 80% 11 400-700 529 0.72 0.16 1.30 
Ginseng  powder 11 - 50 0.657 0.17 1.47 
Lactose powder 11 - 28 0.693 0.24 1.20 
MCC Powder 11 - 48 0.418 0.17 1.40 
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7.1 The Conventional Fluidized Bed versus the 
Rotating Fluidized Bed 
 
When comparing Figure 25 and Figure 26  the same Umf was observed in the same 
material in both the Conventional Fluidized Bed and the Rotating Fluidized Bed with 
zero motor speed. It seems that the Rotating Fludized Bed can work as a Conventional 
Fluidized Bed with zero motor speed, which The Minimum Fluidization Velocity for 
both of them are near 0.1 cm/s. Because, without agitation force both of them have a drag 
force which came from gas flowrate and gravity force. So it is logical to have close the 
Minimum Fluidization Velocity and the Maximum Bed Expansion Ratio. 
 
 
 
Figure 25- Umf for group Geldart A Bed for Lactose 45% in RFB with speed motor equal to zero R.P.M 
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Figure 26- Umf for group Geldart A in Conventional Fluidized Bed 
 
 
 
7.2 Flow Property Comparison and General Conclusion 
Results from comparing between theoretical, Conventional and Rotating Fluidized Bed 
can be seen in Table 13. Theoretically Minimum  Fluidization Velocity was calculated by 
Equation  22 which is completely defined in Chapter 2. 
𝑢𝑚𝑓 =  �𝜌𝑝−𝜌𝑔�𝑔𝑑𝑝21650 𝜇𝑔             Equation 21 
General conclusion can be given from Table 13 and the rest of Tables and Figures:  
1. High shear wet granulation helped powder to get the better flowability. The 
decreasing Angle of Repose is observed with granulation which proved increasing 
of the flowability by high shear wet granulation. 
2. Granules of ginseng 80% were made in these experiments by high shear wet 
granulation, which has  a very high concentration and can help to produce 
chewable tablets. 
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3. In our new Rotating Fluidized Bed, ginseng powder and other fine powders can 
be fluidized. In contrast, fine powder had no fluidization in the Conventional 
Fluidized Bed which are consistent with theoretical Minimum Fluidization 
Velocity (almost zero). The Minimum Fluidization Velocity of Ginseng powder 
and MCC powder was 0.17 cm/s and Lactose powder 0.24 cm/s. Also, Bed 
Expansion Ratio cannot calculate for fine powders in the Conventional Fludidized 
Bed, But it can happen in the Rotating Fluidized Bed. The majority of them is  
Ginseng powder with 1.47,  MCC powder 1.40 and Lactose powder 1.20. So, 
Ginseng powder has the best flowability among these fine powders. 
4. A new Rotating Fluidized Bed can work as a Conventional Fluidized Bed when 
the motor speed is zero. Our new Rotating Fluidized Bed works as a bridge 
between Conventional Fluidized Bed and the Rotating Fluidized commonly used, 
which utilizes high centrifugal force to increase the gravity. Such a Rotating 
Fluidized Bed has disadvantages because of the high cost of operation. The key 
advantage of our new Rotating Fluidized Bed with less centrifugal force is to 
prevent powder from adhering into the wall, while agitating the powder. So, as 
experimental data shown, fine powder can be fluidized in our new Rotating 
Fluidized Bed. 
5. By comparing between the Conventional Fluidized Bed and the Rotating 
Fluidized Bed, the Rotating Fluidized Bed has a less Minimum Fluidization 
Velocity. Since, the agitation force helps granules and powder to be fluidized 
earlier than a Conventional Fluidized Bed. Also, it seems that in the new Rotating 
Fluidized Bed, Minimum Fluidization Velocities are close to each other which is 
a suitable point. Our new Rotating Fluidized Bed can be used for different 
materials, compositions and sizes. For example, one new Rotating Fluidized Bed 
can be used from ginseng powder in different concentrations of ginseng granules 
which is not possible in the Conventional Fluidized Bed. It can be economical in 
the industry and saves money from buying new instruments and having additional 
maintenance costs. In other words, Rotating Fluidized Bed can treat fine Geldart 
group C powder as Geldart group A for example, ginseng powder (50 µm) and 
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Lactose 45% with size distribution between 400-700 µm have same Maximum 
Fluidization Velocity (1.47) and close Minimum Fluidization Velocity (0.19 cm/s 
for Lactose 45% and 0.17 cm/s for ginseng powder).  
6.  There isn’t any correlation between density and the Minimum Fluidization 
Velocity in the Rotating Fluidized Bed and the Conventional Fluidized Bed. 
Particle size has an influence on the Minimum Fluidization Velocity and the 
Maximum Fluidization Velocity in theory and for both Conventional and Rotating 
Fluidized Beds in my study.  
7. The powder can be elutriated and lost during high gas flowrate in the 
Conventional Fluidized Bed. However, fine powder can be withheld during high 
gas flowrate in the new Rotating Fluidized Bed. 
8. When motor speed increases from 0 to 5.5, 11 and 16.5 R.P.M, the Minimum 
Fluidization Velocity increases from 0.11 to 0.19, 0.2 and 0.25 cm/s in the 
Rotating Fluidized Bed. Because, the Rotating speed helps gravity and after 
analysis of the forces to x-y access it has the same direction and arrow to the 
gravity. Finally, the Minimum Fluidization Velocity will be increased, by 
increasing gas flow rate. So, the Minimum Fluidization Velocity increases with 
increasing motor speed. Its advantage is high centrifugal force helps having better 
mass and heat transfer during high gas flowrate by preventing from bubbling and 
slugging. 
 
9. Experimental data shows us, the Rotating Fluidized Bed can help flowability of 
material with decreasing Minimum Fluidization Velocity and increasing 
Maximum Bed Expansion Ratio. 
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          Table 13- Result of Comparing between Theoretical, Conventional and Rotating Fluidized Bed 
 
Material dp  ρp Theoretically Experimentally Experimentally 
Max Bed 
Expansion 
Maximum Bed 
Expansion  
 (µm) (kg/m3) Umf (cm/s) Umf (cm/s) CFB Umf (cm/s) RFB (-)CFB (-)RFB 
Lactose 45% 194 625 0.73 0.04 0.17 1.52 1.50 
Lactose 45% 529 517 4.15 0.10 0.19 0.77 1.00 
Lactose 45% 846 454 8.70 0.60 0.28 1.07 1.00 
Lactose 60% 529 473 3.80 0.24 0.20 1.13 1.00 
Lactose 80% 529 582 4.66 0.14 0.12 0.11 1.43 
MCC pellets 529 733 5.84 0.40 0.18 1.15 1.57 
Ginseng 45% 529 768 6.11 0.46 0.16 1.14 1.20 
Ginseng 80% 529 720 5.73 0.42 0.16 1.07 1.30 
Ginseng powder 50 657 0.05 - 0.17 - 1.47 
Lactose powder 28 693 0.02 - 0.24 - 1.20 
MCC powder 48 418 0.03 - 0.17 1.40 1.40 
 
7.3 Future works 
• High shear wet granulation can be used to prepare high ginseng extract granules. 
• The granules can be coated for drug control release. 
• These experimental data can help to simulate fluidization by computer 
programming. 
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Appendices 
1. Granulation  
 
 
 
 
 
 
Ginseng 45% Test1 Test2 Test3 Test4 Test5 Test6 
Agglomeration(min) 5 min 5 min 5 min 5 min 5 min 5 min 
Dry mixing(min) 20 min 0 0 0 15 min 15 min 
Wet mixing(min) 40 min 25 min 30 min 30 min 30 min 30 min 
Liquid content(ml) 180 80 150 150 125 125 
Yield % 36.00 6.78 30.58 29.98 24.2 35.02 
 
 
 
 
 
 
Ginseng 80% Test1 Test2 Test3 
Agglomeration(min) 5 min 5 min 5 min 
Dry mixing(min) 20 min 10 min 10 min 
Wet mixing(min) 30 min 20 min 20 min 
Liquid content(ml) 50 50 50 
Yield % 10.97 22.77 16.48 
 
 
 
 
 
 
Lactose45% Test1 Test2 Test3 Test4 Test5 
Agglomeration(min) 5 min  5 min  5 min  5 min  10 min  
Dry mixing(min) 15 min  10 min  10 min  5 min  20 min  
Wet mixing(min) 30 min  20 min  30 min  20 min  20 min 
Liquid content(ml) 50 50 100 80 50 
Yield % 24.14 13.95 10.00 12.00 16.24 
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Lactose 60% Test1 
Agglomeration(min) 5 min  
Dry mixing(min) 5 min  
Wet mixing(min) 15 min 
Liquid content(ml) 50 
Yield % 20.5 
 
 
 
Lactose 80% Test1 Test2 Test3 Test4 
Agglomeration(min) 5 min 5 min 5 min 5 min 
Dry mixing(min) 5 min 15 min 0 25 min 
Wet mixing(min) 10 min 30 min 20 min 15 min 
Liquid content(ml) 50 100 100 100 
Yield % 25.45 16.16 16.16 16.16 
 
 
 
 
MCC pellets Test1 Test2 Test3 Test4 Test5 
Agglomeration(min) 5 min  5 min  5 min  5 min  10 min  
Dry mixing(min) 15 min  40 min  35 min  30 min  10 min  
Wet mixing(min) 35 min  50 min  60 min  80 min 40 min 
Liquid content(ml) 100 80 120 200 150 
Yield % 18.81 22.31 20.88 8.48 14.16 
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2. Particle Size Distribution 
MCC Pellets 
 
Mesh (µm) Weight(g) weight% 
1400 13.03 2.05 
1086.27 7.76 1.22 
921 16.57 2.6 
776.85 17.88 2.81 
549.31 23.41 3.68 
388.42 89.53 14.07 
326.34 42.27 6.64 
273 66.22 10.41 
230 59.85 9.4 
178.32 53.96 8.48 
136.93 85.25 13.4 
106.66 52.43 8.24 
82 56.51 8.88 
69 19.11 3 
62.45 15.55 2.44 
59 17.06 2.68 
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Size(µm) Weight(g) weight (%) 
1400 6.76 1.69 
1086.27 7.3 1.83 
921 14.11 3.53 
776.85 18.2 4.56 
549.31 24.7 6.18 
388.42 132.13 33.08 
326.34 40.17 10.07 
273 32.46 8.13 
230 25.93 6.49 
178.32 26.77 6.7 
136.93 31.89 7.98 
106.66 12.65 3.17 
82 14.07 3.52 
69 4.15 1.04 
62.45 1.83 0.46 
59 6.32 1.58 
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Mesh size(µm) weight (%) 
1910 19.44 
1469 24.01 
896.821 13.03 
551.25 24.77 
306.85 6.72 
200 12.03 
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Mesh size (µm) Weight(g) weight% 
1400 29.9 11.82 
1086.27 6.87 2.72 
921.95 6.61 2.61 
776.85 7.3 2.89 
549 7.6 3.01 
388 22.15 8.76 
355 9.25 3.66 
326 12.24 4.84 
230 9.66 3.82 
177 38.5 15.22 
136 30.65 12.12 
120 72.16 28.53 
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Size(µm) Weight(%) density 
1910 18.0485072 320 
704 15.629737 370 
425 20.5463653 410 
400 45.7753905 440 
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Mesh size(µm) Weight% weight% 
1910 0 13.55 
1469 11.76 0.00 
896.821 5.91 18.38 
551.25 28.45 16.16 
306.85 7.64 15.15 
200 46.23 36.76 
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3. Conventional Fluidized Bed 
Lactose 45%   Size range: 100-400 µm 
 
Flow  Height ∆ p Superficial gas velocity 
Normal pressure 
drop 
Bed expansion 
ratio 
SCFH cm cm cm/s   
0 5.1 5.1 5.1 0.1 0.1 0.1 0.00 0.00 0.00 0.06 0.06 0.06 1.00 1.00 1.00 
1 5.1 5.2 5.2 0.3 0.6 0.7 0.01 0.01 0.01 0.17 0.35 0.40 1.00 1.02 1.02 
2 5.1 5.3 5.2 0.9 0.8 1.2 0.02 0.02 0.02 0.52 0.46 0.69 1.00 1.04 1.02 
3 5.3 5.3 5.2 1.5 1.6 1.5 0.02 0.02 0.02 0.87 0.92 0.87 1.04 1.04 1.02 
4 5.4 5.4 5.3 1.6 1.6 1.7 0.03 0.03 0.03 0.92 0.92 0.98 1.06 1.06 1.04 
5 5.5 5.5 5.3 1.6 1.6 1.7 0.04 0.04 0.04 0.92 0.92 0.98 1.08 1.08 1.04 
6 5.6 5.6 5.6 1.6 1.7 1.7 0.05 0.05 0.05 0.92 0.98 0.98 1.10 1.10 1.10 
7 5.6 5.8 5.7 1.7 1.7 1.7 0.06 0.06 0.06 0.98 0.98 0.98 1.10 1.14 1.12 
8 5.9 5.9 5.8 1.7 1.7 1.8 0.06 0.06 0.06 0.98 0.98 1.04 1.16 1.16 1.14 
9 6 6 5.9 1.7 1.7 1.8 0.07 0.07 0.07 0.98 0.98 1.04 1.18 1.18 1.16 
10 6 6 6 1.7 1.7 1.8 0.08 0.08 0.08 0.98 0.98 1.04 1.18 1.18 1.18 
11 6 6 6 1.7 1.7 1.8 0.09 0.09 0.09 0.98 0.98 1.04 1.18 1.18 1.18 
12 6 6 6 1.7 1.7 1.8 0.10 0.10 0.10 0.98 0.98 1.04 1.18 1.18 1.18 
13 6 6 6 1.7 1.7 1.8 0.11 0.11 0.11 0.98 0.98 1.04 1.18 1.18 1.18 
12 6 6 6 1.7 1.7 1.8 0.10 0.10 0.10 0.98 0.98 1.04 1.18 1.18 1.18 
11 6 6 6 1.7 1.7 1.8 0.09 0.09 0.09 0.98 0.98 1.04 1.18 1.18 1.18 
10 6 6 6 1.7 1.7 1.8 0.08 0.08 0.08 0.98 0.98 1.04 1.18 1.18 1.18 
9 6 5.9 6 1.7 1.7 1.7 0.07 0.07 0.07 0.98 0.98 0.98 1.18 1.16 1.18 
8 5.9 5.9 5.9 1.7 1.7 1.7 0.06 0.06 0.06 0.98 0.98 0.98 1.16 1.16 1.16 
7 5.8 5.9 5.9 1.6 1.6 1.7 0.06 0.06 0.06 0.92 0.92 0.98 1.14 1.16 1.16 
6 5.7 5.6 5.7 1.6 1.6 1.6 0.05 0.05 0.05 0.92 0.92 0.92 1.12 1.10 1.12 
5 5.6 5.5 5.5 1.4 1.5 1.6 0.04 0.04 0.04 0.81 0.87 0.92 1.10 1.08 1.08 
4 5.4 5.4 5.4 1.4 1.5 1.2 0.03 0.03 0.03 0.81 0.87 0.69 1.06 1.06 1.06 
3 5.3 5.3 5.4 0.9 1.4 0.9 0.02 0.02 0.02 0.52 0.81 0.52 1.04 1.04 1.06 
2 5.2 5.2 5.3 0.7 1.3 0.8 0.02 0.02 0.02 0.40 0.75 0.46 1.02 1.02 1.04 
1 5.2 5.2 5.2 0.6 0.7 0.6 0.01 0.01 0.01 0.35 0.40 0.35 1.02 1.02 1.02 
0 5.2 5.2 5.2 0.3 0.4 0.3 0.00 0.00 0.00 0.17 0.23 0.17 1.02 1.02 1.02 
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lactose 45%-100-400-3-2
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Lactose 45%   Size range: 400-700 µm 
 
Flow Height ∆ p Superficial gas velocity Bed expansion ratio 
Normal pressure 
drop 
SCFH Cm cm of  water cm/s  -   -  
0 6.9 6.9 6.9 0.6 0.6 0.6 0.00 100 1.00 1.00 0.27 0.27 0.27 
6 6.9 6.9 6.9 0.7 0.7 0.7 0.05 1.00 1.00 1.00 0.32 0.32 0.32 
8 6.9 6.9 6.9 0.9 0.9 0.9 0.06 1.00 1.00 1.00 0.41 0.41 0.41 
10 6.9 6.9 7 1.1 1.3 1.1 0.08 1.00 1.01 1.00 0.50 0.50 0.59 
12 7.2 7.2 7 1.9 1.9 1.5 0.10 1.04 1.01 1.04 0.68 0.86 0.86 
14 7.4 7.3 7.2 1.9 2 1.5 0.11 1.06 1.04 1.07 0.68 0.86 0.91 
16 7.5 7.4 7.4 1.9 2 1.9 0.13 1.07 1.07 1.09 0.86 0.86 0.91 
18 7.8 7.6 8 1.95 2 1.7 0.15 1.10 1.16 1.13 0.77 0.89 0.91 
20 7.8 7.8 8 2 2.2 2 0.16 1.13 1.16 1.13 0.91 0.91 1.00 
22 8 8 8 2 2.2 2 0.18 1.16 1.16 1.16 0.91 0.91 1.00 
24 7.5 8 8 2 2.2 2 0.19 1.16 1.16 1.09 0.91 0.91 1.00 
26 7.5 8 8.3 2 2.3 2 0.21 1.16 1.20 1.09 0.91 0.91 1.05 
28 7.4 8 8.3 2 2.3 2 0.23 1.16 1.20 1.07 0.91 0.91 1.05 
30 7.4 7.3 7.5 1.9 2.2 2.1 0.24 1.15 1.09 1.07 0.95 0.86 1.00 
28 7.3 7.4 7.3 1.9 1.9 1.9 0.23 1.15 1.06 1.06 0.86 0.86 0.86 
26 7.4 7.3 7.3 1.9 1.9 2 0.21 1.15 1.06 1.07 0.91 0.86 0.86 
24 7.4 8 7.3 2 2 2 0.19 1.15 1.06 1.07 0.91 0.91 0.91 
22 7.2 7.9 8.3 1.9 2.2 1.7 0.18 1.14 1.20 1.04 0.77 0.86 1.00 
20 7.2 7.5 8 2.1 2.1 1.7 0.16 1.11 1.16 1.04 0.77 0.95 0.95 
18 7.8 7.5 8 2 2.1 2 0.15 1.09 1.16 1.13 0.91 0.91 0.95 
16 7.7 7.4 7.5 1.8 1.9 2 0.13 1.07 1.09 1.12 0.91 0.82 0.86 
14 7.3 7.2 7.2 1.9 1.9 2 0.11 1.04 1.04 1.06 0.91 0.86 0.86 
12 7.1 7.1 7 1.8 1.8 1.9 0.10 1.03 1.01 1.03 0.86 0.82 0.82 
10 7 6.9 6.9 0.9 1.7 1.4 0.08 1.00 1.00 1.01 0.64 0.41 0.77 
8 6.9 6.9 6.9 0.8 1.3 0.8 0.06 1.00 1.00 1.00 0.36 0.36 0.59 
6 6.9 6.9 6.9 0.7 1.2 0.7 0.05 1.00 1.00 1.00 0.32 0.32 0.55 
0 6.9 6.9 6.9 0.6 0.6 0.6 0.00 1.00 1.00 1.00 0.27 0.27 0.27 
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Lactose 45%   Size range: 700-1000 µm 
 
Flow Height ∆ p Superficial gas velocity Bed expansion ratio 
Normal pressure 
drop 
SCFM cm Cm cm/s   
0 6.9 6.9 6.9 0.3 0.3 0.3 0.0 1.00 1.00 1.00 0.16 0.16 0.16 
0.4 6.9 6.9 6.9 0.5 0.4 0.4 0. 82 1.00 1.00 1.00 0.26 0.21 0.21 
0.5 6.9 6.9 6.9 0.5 0.6 0.6 1.03 1.00 1.00 1.00 0.26 0.32 0.32 
0.6 6.9 6.9 6.9 0.6 0.7 0.7 1.23 1.00 1.00 1.00 0.32 0.37 0.37 
0.7 6.9 6.9 6.9 0.7 0.7 0.7 1.44 1.00 1.00 1.00 0.37 0.37 0.37 
0.8 6.9 6.9 6.9 0.8 0.7 0.7 1.65 1.00 1.00 1.00 0.42 0.37 0.37 
0.9 6.9 6.9 6.9 0.9 0.8 0.8 1.85 1.00 1.00 1.00 0.48 0.43 0.43 
1 6.9 6.9 6.9 0.9 0.8 0.8 2.06 1.00 1.00 1.00 0.48 0.43 0.43 
1.1 6.9 6.9 6.9 1.0 0.9 0.9 2.26 1.00 1.00 1.00 0.53 0.48 0.48 
1.2 6.9 6.9 6.9 1.0 1.0 1.0 2.47 1.00 1.00 1.00 0.53 0.53 0.53 
1.3 6.9 6.9 6.9 1.0 1.3 1.3 2.67 1.00 1.00 1.00 0.53 0.69 0.69 
1.4 6.9 6.9 6.9 1.1 1.1 1.1 2.88 1.00 1.00 1.00 0.58 0.59 0.59 
1.5 7 7 7 1.2 1.7 1.7 3.09 1.01 1.01 1.01 0.64 0.90 0.90 
1.6 7.1 7.1 7.1 1.3 1.8 1.8 3.29 1.03 1.03 1.03 0.69 0.96 0.96 
1.7 7.2 7.2 7.2 1.3 1.8 1.8 3.50 1.04 1.04 1.04 0.69 0.96 0.96 
1.8 7.4 7.2 7.3 1.4 1.8 1.8 3.70 1.07 1.04 1.06 0.74 0.96 0.96 
1.9 7.5 7.5 7.4 1.4 1.8 1.8 3.91 1.09 1.09 1.07 0.74 0.96 0.96 
2 7.5 7.7 7.5 1.8 1.8 1.8 4.12 1.09 1.12 1.09 0.95 0.96 0.96 
2.1 7.8 7.7 7.6 1.8 1.8 1.8 4.32 1.13 1.12 1.10 0.95 0.96 0.96 
2.2 8 7.8 7.8 1.8 1.8 1.8 4.53 1.16 1.13 1.13 0.95 0.96 0.96 
2.3 8 8 8 1.8 1.8 1.8 4.73 1.16 1.16 1.16 0.95 0.96 0.96 
2.4 8 8 8 1.8 1.8 1.8 4.94 1.16 1.16 1.16 0.95 0.96 0.96 
2.5 0 8 8 1.8 1.8 1.8 5.14 1.16 1.16 1.16 0.95 0.96 0.96 
2.4 8 8 8 1.8 1.8 1.8 4.94 1.16 1.16 1.16 0.95 0.96 0.96 
2.3 8 7.9 7.8 1.8 1.8 1.8 4.73 1.16 1.16 1.16 0.95 0.96 0.96 
2.2 7.8 7.5 7.5 1.8 1.8 1.8 4.53 1.13 1.16 1.16 0.95 0.96 0.96 
2.1 7.8 7.5 7.5 1.8 1.8 1.8 4.32 1.13 1.14 1.13 0.95 0.96 0.96 
2 7.6 7.4 7.5 1.8 1.8 1.8 4.12 1.10 1.09 1.09 0.95 0.96 0.96 
1.9 7.4 7.4 7.4 1.8 1.8 1.8 3.91 1.07 1.09 1.09 0.95 0.96 0.96 
1.8 7.4 7.3 7.2 1.7 1.8 1.8 3.70 1.07 1.07 1.09 0.90 0.96 0.96 
1.7 7.3 7.3 7.1 1.7 1.8 1.8 3.50 1.06 1.07 1.07 0.90 0.96 0.96 
1.6 7.3 7.3 7.1 1.6 1.7 1.7 3.29 1.06 1.06 1.04 0.85 0.90 0.90 
1.5 7.3 7.2 7.1 1.6 1.7 1.7 3.09 1.06 1.06 1.03 0.85 0.90 0.90 
1.4 7.2 7.1 7.1 1.5 1.6 1.6 2.88 1.04 1.06 1.03 0.79 0.85 0.85 
1.3 7.1 7 7.1 1.5 1.6 1.6 2.67 1.03 1.04 1.03 0.79 0.85 0.85 
1.2 7.1 6.9 7.1 1.5 1.5 1.5 2.47 1.03 1.03 1.03 0.79 0.80 0.80 
1.1 7.1 6.9 7.1 1.5 1.4 1.4 2.26 1.03 1.01 1.03 0.79 0.74 0.74 
1 7.1 6.9 7 1.5 1.4 1.4 2.06 1.03 1.00 1.03 0.79 0.74 0.74 
0.9 7.1 6.9 6.9 1.5 1.4 1.4 1.85 1.03 1.00 1.03 0.79 0.74 0.74 
0.8 6.9 6.9 6.9 0.9 0.8 0.8 1.65 1.00 1.00 1.01 0.48 0.43 0.43 
0.6 6.9 6.9 6.9 0.8 0.7 0.7 1.23 1.00 1.00 1.00 0.42 0.37 0.37 
0.5 6.9 6.9 6.9 0.7 0.7 0.7 1.03 1.00 1.00 1.00 0.37 0.37 0.37 
0.4 6.9 6.9 6.9 0.7 0.6 0.6 0.82 1.00 1.00 1.00 0.37 0.32 0.32 
0 6.9 6.9 6.9 0.5 0.6 0.6 0.00 1.00 1.00 1.00 0.26 0.32 0.32 
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Lactose 60%   Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity 
Bed expansion 
ratio 
Normal pressure 
drop 
SCFH cm cm cm cm cm/s cm/s     
0 4 3.9 0.3 0.4 0.00 0.00 1.00 1.00 0.27 0.36 
6 4 3.9 0.4 0.8 0.05 0.05 1.00 1.00 0.36 0.73 
8 4 3.9 0.9 1.1 0.06 0.06 1.00 1.00 0.82 1.00 
10 4 3.9 0.8 1.1 0.08 0.08 1.00 1.00 0.73 1.00 
12 4 3.9 0.9 1.1 0.10 0.10 1.00 1.00 0.82 1.00 
14 4 3.9 1 1.2 0.11 0.11 1.00 1.00 0.91 1.09 
16 4 3.9 1 1.2 0.13 0.13 1.00 1.00 0.91 1.09 
18 4 3.9 1.1 1.2 0.15 0.15 1.00 1.00 1.00 1.09 
20 4 3.9 1.1 1.2 0.16 0.16 1.00 1.00 1.00 1.09 
22 4 3.9 1.1 1.3 0.18 0.18 1.00 1.00 1.00 1.18 
24 4 3.9 1.1 1.3 0.19 0.19 1.00 1.00 1.00 1.18 
26 4 3.9 1.1 1.3 0.21 0.21 1.00 1.00 1.00 1.18 
28 4 3.9 1.1 1.3 0.23 0.23 1.00 1.00 1.00 1.18 
30 4 4 1.1 1.4 0.24 0.24 1.00 1.03 1.00 1.27 
32 6 4.1 1.1 1.4 0.26 0.26 1.50 1.05 1.00 1.27 
34 4.2 4.1 1.1 1.3 0.28 0.28 1.05 1.05 1.00 1.18 
36 4.2 4.1 1.1 1.3 0.29 0.29 1.05 1.05 1.00 1.18 
38 4.2 4.1 1.1 1.3 0.31 0.31 1.05 1.05 1.00 1.18 
40 4.2 4.1 1.1 1.4 0.32 0.32 1.05 1.05 1.00 1.27 
42 4.2 4.2 1.1 1.5 0.34 0.34 1.05 1.08 1.00 1.36 
44 4.2 4.2 1.2 1.5 0.36 0.36 1.05 1.08 1.09 1.36 
46 4.4 4.4 1.3 1.5 0.37 0.37 1.10 1.13 1.18 1.36 
48 4.4 4.4 1.3 1.5 0.39 0.39 1.10 1.13 1.18 1.36 
50 4.4 4.4 1.3 1.5 0.41 0.41 1.10 1.13 1.18 1.36 
48 4.3 4.3 1.2 1.4 0.39 0.39 1.08 1.10 1.09 1.27 
46 4.3 4.3 1.1 1.3 0.37 0.37 1.08 1.10 1.00 1.18 
44 4.3 4.2 1.1 1.3 0.36 0.36 1.08 1.08 1.00 1.18 
42 4.2 4.2 1.1 1.3 0.34 0.34 1.05 1.08 1.00 1.18 
40 4.1 4.1 1 1.3 0.32 0.32 1.03 1.05 0.91 1.18 
36 4.1 4.1 1 1.3 0.29 0.29 1.03 1.05 0.91 1.18 
34 4 4.1 1 1.2 0.28 0.28 1.00 1.05 0.91 1.09 
32 4 4.1 1 1.2 0.26 0.26 1.00 1.05 0.91 1.09 
30 4 4.1 1 1.2 0.24 0.24 1.00 1.05 0.91 1.09 
28 4 4.1 1 1.2 0.23 0.23 1.00 1.05 0.91 1.09 
26 4 4.1 1 1.1 0.21 0.21 1.00 1.05 0.91 1.00 
24 4 4 1 1.1 0.19 0.19 1.00 1.03 0.91 1.00 
22 4 4 0.9 1.1 0.18 0.18 1.00 1.03 0.82 1.00 
20 4 4 0.9 1.1 0.16 0.16 1.00 1.03 0.82 1.00 
18 4 4 0.9 1 0.15 0.15 1.00 1.03 0.82 0.91 
16 4 4 0.9 1 0.13 0.13 1.00 1.03 0.82 0.91 
14 4 4 0.9 1 0.11 0.11 1.00 1.03 0.82 0.91 
12 4 4 0.9 0.9 0.10 0.10 1.00 1.03 0.82 0.82 
10 4 4 0.9 0.9 0.08 0.08 1.00 1.03 0.82 0.82 
8 4 4 0.8 0.8 0.06 0.06 1.00 1.03 0.73 0.73 
6 4 4 0.8 0.6 0.05 0.05 1.00 1.03 0.73 0.55 
0 4 4 0.7 0.3 0.00 0.00 1.00 1.03 0.64 0.27 
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Lactose 80%   Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity 
Normal pressure 
drop 
Bed expansion 
ratio 
SCFH cm cm cm cm cm Cm cm/s cm/s cm/s       
0 3.6 3.6 3.6 0.6 0.7 0.6 0.00 0.00 0.00 0.42 0.49 0.46 1.00 1.00 1.00 
6 3.6 3.6 3.6 0.8 0.8 0.8 0.05 0.05 0.05 0.56 0.56 0.56 1.00 1.00 1.00 
8 3.6 3.6 3.6 0.9 1 1.0 0.06 0.06 0.06 0.64 0.71 0.67 1.00 1.00 1.00 
10 3.6 3.6 3.6 1 1.1 1.1 0.08 0.08 0.08 0.71 0.78 0.74 1.00 1.00 1.00 
12 3.6 3.6 3.6 1 1.1 1.1 0.10 0.10 0.10 0.71 0.78 0.74 1.00 1.00 1.00 
14 3.6 3.6 3.6 1 1.1 1.1 0.11 0.11 0.11 0.71 0.78 0.74 1.00 1.00 1.00 
16 3.6 3.6 3.6 1 1.2 1.1 0.13 0.13 0.13 0.71 0.85 0.78 1.00 1.00 1.00 
18 3.6 3.6 3.6 1 1.2 1.1 0.15 0.15 0.15 0.71 0.85 0.78 1.00 1.00 1.00 
20 3.6 3.6 3.6 1.1 1.2 1.1 0.16 0.16 0.16 0.78 0.85 0.81 1.00 1.00 1.00 
22 3.7 3.7 3.7 1.1 1.2 1.1 0.18 0.18 0.18 0.78 0.85 0.81 1.03 1.03 1.03 
24 3.7 3.7 3.7 1.1 1.2 1.1 0.19 0.19 0.19 0.78 0.85 0.81 1.03 1.03 1.03 
26 3.7 3.7 3.7 1.1 1.2 1.1 0.21 0.21 0.21 0.78 0.85 0.81 1.03 1.03 1.03 
28 3.8 3.8 3.8 1.1 1.2 1.1 0.23 0.23 0.23 0.78 0.85 0.81 1.06 1.06 1.06 
30 3.8 3.8 3.8 1.1 1.2 1.1 0.24 0.24 0.24 0.78 0.85 0.81 1.06 1.06 1.06 
32 3.8 3.8 3.8 1.1 1.3 1.2 0.26 0.26 0.26 0.78 0.92 0.85 1.06 1.06 1.06 
34 3.8 3.8 3.8 1.1 1.3 1.2 0.28 0.28 0.28 0.78 0.92 0.85 1.06 1.06 1.06 
36 3.9 3.9 3.9 1.1 1.3 1.2 0.29 0.29 0.29 0.78 0.92 0.85 1.08 1.08 1.08 
38 4 3.9 4.0 1.1 1.3 1.2 0.31 0.31 0.31 0.78 0.92 0.85 1.11 1.08 1.10 
40 4 4 4.0 1.1 1.3 1.2 0.32 0.32 0.32 0.78 0.92 0.85 1.11 1.11 1.11 
42 4 4 4.0 1.1 1.3 1.2 0.34 0.34 0.34 0.78 0.92 0.85 1.11 1.11 1.11 
44 4 4 4.0 1.1 1.3 1.2 0.36 0.36 0.36 0.78 0.92 0.85 1.11 1.11 1.11 
46 4 4 4.0 1.1 1.3 1.2 0.37 0.37 0.37 0.78 0.92 0.46 1.11 1.11 1.11 
48 4 4 4.0 1.1 1.3 1.2 0.39 0.39 0.39 0.78 0.92 0.85 1.11 1.11 1.11 
50 4 4 4.0 1.1 1.3 1.2 0.41 0.41 0.41 0.78 0.92 0.85 1.11 1.11 1.11 
48 4 4 4.0 1.1 1.3 1.2 0.39 0.39 0.39 0.78 0.92 0.85 1.11 1.11 1.11 
46 4 4 4.0 1.1 1.3 1.2 0.37 0.37 0.37 0.78 0.92 0.85 1.11 1.11 1.11 
44 4 4 4.0 1.1 1.3 1.2 0.36 0.36 0.36 0.78 0.92 0.85 1.11 1.11 1.11 
42 4 4 4.0 1.1 1.3 1.2 0.34 0.34 0.34 0.78 0.92 0.85 1.11 1.11 1.11 
40 4 4 4.0 1.1 1.3 1.2 0.32 0.32 0.32 0.78 0.92 0.85 1.11 1.11 1.11 
38 3.9 3.9 3.9 1.1 1.3 1.2 0.31 0.31 0.31 0.78 0.92 0.85 1.08 1.08 1.08 
36 3.9 3.9 3.9 1.1 1.3 1.2 0.29 0.29 0.29 0.78 0.92 0.85 1.08 1.08 1.08 
34 3.9 3.9 3.9 1.1 1.2 1.1 0.28 0.28 0.28 0.78 0.85 0.81 1.08 1.08 1.08 
32 3.8 3.8 3.8 1 1.2 1.1 0.26 0.26 0.26 0.71 0.85 0.78 1.06 1.06 1.06 
30 3.8 3.8 3.8 1 1.2 1.1 0.24 0.24 0.24 0.71 0.85 0.78 1.06 1.06 1.06 
28 3.8 3.8 3.8 1 1.2 1.1 0.23 0.23 0.23 0.71 0.85 0.78 1.06 1.06 1.06 
26 3.7 3.7 3.7 1 1.2 1.1 0.21 0.21 0.21 0.71 0.85 0.78 1.03 1.03 1.03 
24 3.7 3.7 3.7 1 1 1.1 0.19 0.19 0.19 0.71 0.71 0.71 1.03 1.03 1.03 
22 3.7 3.7 3.7 1 1 1.0 0.18 0.18 0.18 0.71 0.71 0.71 1.03 1.03 1.03 
20 3.6 3.7 3.7 1 1 1.0 0.16 0.16 0.16 0.71 0.71 0.71 1.00 1.03 1.01 
18 3.6 3.7 3.7 1 1 1.0 0.15 0.15 0.15 0.71 0.71 0.71 1.00 1.03 1.01 
16 3.6 3.7 3.7 1 0.9 0.9 0.13 0.13 0.13 0.71 0.64 0.67 1.00 1.03 1.01 
14 3.6 3.7 3.7 1 0.9 0.9 0.11 0.11 0.11 0.71 0.64 0.67 1.00 1.03 1.01 
12 3.6 3.7 3.7 1 0.9 0.9 0.10 0.10 0.10 0.71 0.64 0.67 1.00 1.03 1.01 
10 3.6 3.7 3.7 1 0.8 0.9 0.08 0.08 0.08 0.71 0.56 0.64 1.00 1.03 1.01 
8 3.6 3.7 3.7 0.8 0.8 0.8 0.06 0.06 0.06 0.56 0.56 0.56 1.00 1.03 1.01 
6 3.6 3.7 3.7 0.8 0.7 0.7 0.05 0.05 0.05 0.56 0.49 0.53 1.00 1.03 1.01 
0 3.6 3.7 3.7 0.6 0.4 0.5 0.00 0.00 0.00 0.42 0.28 0.35 1.00 1.03 1.01 
 
  
90 
 
  
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
0.00 0.10 0.20 0.30 0.40 0.50
N
or
m
al
 p
re
ss
ur
e 
dr
op
 
Superficial velocity(cm/s) 
3-up
3-down
2-up
2-down
1-up
1-down
0.95
0.99
1.03
1.07
1.11
1.15
0.00 0.10 0.20 0.30 0.40 0.50
Be
d 
ex
pa
ns
io
n 
ra
tio
 
Superficial velocity(cm/s) 
3-up
3-down
2-up
2-down
1-up
1-down
91 
Ginseng 45%   Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity Bed expansion ratio 
Normal pressure 
drop 
SCFM cm cm cm cm cm cm cm/s cm/s cm/s - - - - - - 
0 4.4 4.4 4.4 0.4 0.4 0.4 0.00 0.00 0.00 1.00 1.00 1.00 0.21 0.21 0.21 
0.1 4.4 4.4 4.4 0.5 0.5 0.5 0.05 0.05 0.05 1.00 1.00 1.00 0.27 0.27 0.27 
0.2 4.4 4.4 4.4 0.7 0.7 0.6 0.10 0.10 0.10 1.00 1.00 1.00 0.37 0.32 0.37 
0.3 4.4 4.4 4.4 0.8 0.8 0.7 0.15 0.15 0.15 1.00 1.00 1.00 0.43 0.37 0.43 
0.4 4.4 4.4 4.4 0.9 0.9 0.8 0.19 0.19 0.19 1.00 1.00 1.00 0.48 0.43 0.48 
0.5 4.4 4.4 4.4 1 1.2 0.9 0.24 0.24 0.24 1.00 1.00 1.00 0.53 0.48 0.64 
0.6 4.4 4.4 4.4 1 1.4 1 0.29 0.29 0.29 1.00 1.00 1.00 0.53 0.53 0.74 
0.7 4.4 4.4 4.4 1.2 1.9 1.1 0.34 0.34 0.34 1.00 1.00 1.00 0.64 0.59 1.01 
0.8 4.4 4.4 4.5 1.8 1.9 1.4 0.39 0.39 0.39 1.00 1.00 1.02 0.96 0.74 1.01 
0.9 4.4 4.4 4.5 1.8 2 1.8 0.44 0.44 0.44 1.00 1.00 1.02 0.96 0.96 1.06 
1 4.5 4.5 4.6 1.9 2 1.9 0.49 0.49 0.49 1.02 1.02 1.05 1.01 1.01 1.06 
1.1 4.6 4.6 4.6 1.9 2.1 1.9 0.53 0.53 0.53 1.05 1.05 1.05 1.01 1.01 1.12 
1.2 4.6 4.7 4.7 1.9 2.1 2 0.58 0.58 0.58 1.07 1.05 1.07 1.01 1.06 1.12 
1.3 4.8 4.8 4.8 1.9 2.1 2 0.63 0.63 0.63 1.09 1.09 1.09 1.01 1.06 1.12 
1.4 4.9 4.9 4.8 1.9 2.1 2 0.68 0.68 0.68 1.11 1.11 1.09 1.01 1.06 1.12 
1.5 4.9 5 4.9 1.9 2.1 2 0.73 0.73 0.73 1.14 1.11 1.11 1.01 1.06 1.12 
1.6 5 5 5 2 2.1 2 0.78 0.78 0.78 1.14 1.14 1.14 1.06 1.06 1.12 
1.7 5 5 5 2 2.1 2 0.83 0.83 0.83 1.14 1.14 1.14 1.06 1.06 1.12 
1.8 5 5 5 2 2.1 2 0.87 0.87 0.87 1.14 1.14 1.14 1.06 1.06 1.12 
1.9 5 5 5 2 2.1 2 0.92 0.92 0.92 1.14 1.14 1.14 1.06 1.06 1.12 
1.8 5 5 5 2 2.1 2 0.87 0.87 0.87 1.14 1.14 1.14 1.06 1.06 1.12 
1.7 5 5 5 2 2.1 2 0.83 0.83 0.83 1.14 1.14 1.14 1.06 1.06 1.12 
1.6 5 5 5 2 2.1 2 0.78 0.78 0.78 1.14 1.14 1.14 1.06 1.06 1.12 
1.5 4.9 5 5 2 2.1 2 0.73 0.73 0.73 1.14 1.11 1.14 1.06 1.06 1.12 
1.4 4.9 4.9 4.9 2 2.1 2 0.68 0.68 0.68 1.11 1.11 1.11 1.06 1.06 1.12 
1.3 4.8 4.8 4.8 1.9 2.1 2 0.63 0.63 0.63 1.09 1.09 1.09 1.01 1.06 1.12 
1.2 4.7 4.7 4.7 1.9 2.1 2 0.58 0.58 0.58 1.07 1.07 1.07 1.01 1.06 1.12 
1.1 4.6 4.6 4.6 1.9 2.1 1.9 0.53 0.53 0.53 1.05 1.05 1.05 1.01 1.01 1.12 
1 4.5 4.6 4.5 1.9 2 1.7 0.49 0.49 0.49 1.05 1.02 1.02 1.01 0.90 1.06 
0.9 4.5 4.6 4.5 1.9 1.9 1.5 0.44 0.44 0.44 1.05 1.02 1.02 1.01 0.80 1.01 
0.8 4.5 4.5 4.5 1.8 1.3 1.3 0.39 0.39 0.39 1.02 1.02 1.02 0.96 0.69 0.69 
0.7 4.4 4.5 4.5 1.7 1.1 1.1 0.34 0.34 0.34 1.02 1.00 1.02 0.90 0.59 0.59 
0.6 4.4 4.5 4.5 1.1 0.6 1.1 0.29 0.29 0.29 1.02 1.00 1.02 0.59 0.59 0.32 
0.5 4.4 4.5 4.4 1 0.5 0.5 0.24 0.24 0.24 1.02 1.00 1.00 0.53 0.27 0.27 
0.4 4.4 4.4 4.4 0.9 0.5 0.4 0.19 0.19 0.19 1.00 1.00 1.00 0.48 0.21 0.27 
0.3 4.4 4.4 4.4 0.8 0.4 0.3 0.15 0.15 0.15 1.00 1.00 1.00 0.43 0.16 0.21 
0.2 4.4 4.4 4.4 0.7 0.3 0.2 0.10 0.10 0.10 1.00 1.00 1.00 0.37 0.11 0.16 
0.1 4.4 4.4 4.4 0.6 0.3 0.1 0.05 0.05 0.05 1.00 1.00 1.00 0.32 0.05 0.16 
0 4.4 4.4 4.4 0.4 0.2 0.1 0.00 0.00 0.00 1.00 1.00 1.00 0.21 0.05 0.11 
  
92 
Ginseng45%   Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity 
Bed expansion 
ratio 
Normal  
pressure drop 
SCFH cm cm cm/s     
0 4.4 4.3 0.4 0.4 0 0 1.00 1.00 0.21 0.21 
6 4.4 4.3 0.6 0.5 0.0486 0.05 1.00 1.00 0.32 0.27 
8 4.4 4.4 0.7 0.8 0.06 0.06 1.00 1.02 0.37 0.43 
10 4.4 4.4 0.9 1 0.08 0.08 1.00 1.02 0.48 0.53 
12 4.4 4.4 1.3 1.3 0.10 0.10 1.00 1.02 0.69 0.69 
14 4.4 4.4 1.9 1.3 0.11 0.10 1.00 1.02 1.01 0.69 
16 4.6 4.5 1.9 1.9 0.13 0.13 1.05 1.05 1.01 1.01 
18 4.7 4.5 2 1.9 0.15 0.15 1.07 1.05 1.06 1.01 
20 4.7 4.5 1.9 1.9 0.16 0.16 1.07 1.05 1.01 1.01 
22 4.8 4.6 1.9 1.9 0.18 0.18 1.09 1.07 1.01 1.01 
24 4.8 4.6 1.9 1.9 0.19 0.19 1.09 1.07 1.01 1.01 
26 4.8 4.5 1.9 1.8 0.21 0.21 1.09 1.05 1.01 0.96 
28 4.5 4.5 1.9 1.8 0.23 0.23 1.02 1.05 1.01 0.96 
30 4.5 4.5 1.9 1.9 0.24 0.24 1.02 1.05 1.01 1.01 
32 4.5 4.5 1.9 1.9 0.26 0.26 1.02 1.05 1.01 1.01 
34 4.5 4.5 1.9 1.9 0.28 0.28 1.02 1.05 1.01 1.01 
36 4.5 4.5 1.9 1.9 0.29 0.29 1.02 1.05 1.01 1.01 
38 4.5 4.5 1.9 1.9 0.31 0.31 1.02 1.05 1.01 1.01 
40 4.6 4.5 1.9 1.9 0.32 0.32 1.05 1.05 1.01 1.01 
42 4.6 4.6 1.9 1.9 0.34 0.34 1.05 1.07 1.01 1.01 
44 4.7 4.6 1.9 1.9 0.36 0.36 1.07 1.07 1.01 1.01 
46 4.7 4.6 1.9 1.9 0.37 0.37 1.07 1.07 1.01 1.01 
48 4.7 4.7 1.9 1.9 0.39 0.39 1.07 1.09 1.01 1.01 
50 4.8 4.8 1.9 1.9 0.41 0.41 1.09 1.12 1.01 1.01 
52 4.8 4.8 1.9 1.9 0.42 0.42 1.09 1.12 1.01 1.01 
54 4.8 4.8 1.9 1.9 0.44 0.44 1.09 1.12 1.01 1.01 
56 4.8 4.8 1.9 1.9 0.45 0.45 1.09 1.12 1.01 1.01 
58 4.9 4.8 1.9 1.9 0.47 0.47 1.11 1.12 1.01 1.01 
60 4.9 4.8 1.9 1.9 0.49 0.49 1.11 1.12 1.01 1.01 
58 4.9 4.8 1.9 1.9 0.47 0.47 1.11 1.12 1.01 1.01 
56 4.8 4.8 1.9 1.9 0.45 0.45 1.09 1.12 1.01 1.01 
54 4.8 4.7 1.9 1.9 0.44 0.44 1.09 1.09 1.01 1.01 
52 4.8 4.7 1.9 1.9 0.42 0.42 1.09 1.09 1.01 1.01 
50 4.6 4.6 1.9 1.9 0.41 0.41 1.05 1.07 1.01 1.01 
48 4.6 4.6 1.9 1.9 0.39 0.39 1.05 1.07 1.01 1.01 
46 4.6 4.6 1.9 1.8 0.37 0.37 1.05 1.07 1.01 0.96 
44 4.6 4.6 1.9 1.8 0.36 0.36 1.05 1.07 1.01 0.96 
42 4.5 4.5 1.9 1.8 0.34 0.34 1.02 1.05 1.01 0.96 
40 4.5 4.5 1.9 1.8 0.32 0.32 1.02 1.05 1.01 0.96 
38 4.5 4.5 1.9 1.8 0.31 0.31 1.02 1.05 1.01 0.96 
36 4.5 4.5 1.9 1.8 0.29 0.29 1.02 1.05 1.01 0.96 
34 4.5 4.5 1.9 1.8 0.28 0.28 1.02 1.05 1.01 0.96 
32 4.5 4.5 1.9 1.8 0.26 0.26 1.02 1.05 1.01 0.96 
30 4.4 4.5 1.9 1.8 0.24 0.24 1.00 1.05 1.01 0.96 
28 4.4 4.5 1.9 1.8 0.23 0.23 1.00 1.05 1.01 0.96 
26 4.4 4.5 1.8 1.8 0.21 0.21 1.00 1.05 0.96 0.96 
24 4.8 4.5 1.9 1.8 0.19 0.19 1.09 1.05 1.01 0.96 
22 4.7 4.6 1.9 1.9 0.18 0.18 1.07 1.07 1.01 1.01 
20 4.6 4.5 1.8 1.9 0.16 0.16 1.05 1.05 0.96 1.01 
18 4.6 4.5 1.9 1.9 0.15 0.15 1.05 1.05 1.01 1.01 
16 4.5 4.4 1.8 1.9 0.13 0.13 1.02 1.02 0.96 1.01 
14 4.4 4.4 1.7 1.2 0.11 0.11 1.00 1.02 0.90 0.64 
12 4.4 4.4 1.1 1.1 0.10 0.10 1.00 1.02 0.59 0.59 
10 4.4 4.4 1 0.9 0.08 0.08 1.00 1.02 0.53 0.48 
8 4.4 4.4 0.6 0.7 0.06 0.06 1.00 1.02 0.32 0.37 
6 4.4 4.3 0.6 0.7 0.05 0.05 1.00 1.00 0.32 0.37 
0 4.4 4.3 0.6 0.6 0.00 0.00 1.00 1.00 0.32 0.32 
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ginseng 45%-400-700-3-1
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ginseng 45%-400-700-4-2
ginseng 45%-400-700-4-2
ginseng 45%-400-700-5-1
ginseng 45%-400-700-5-2
94 
Ginseng 80%   Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity 
Bed expansion 
ratio 
Normal pressure 
drop 
SCFM cm  cm/s       
0 5.6 5.6 5.6 0.4 0.4 0.4 0.00 0.00 0.00 1.00 1.00 1.00 0.19 0.18 0.18 
0.1 5.6 5.6 5.6 0.6 0.7 0.5 0.05 0.05 0.05 1.00 1.00 1.00 0.29 0.32 0.23 
0.2 5.6 5.6 5.6 0.8 1 0.7 0.10 0.10 0.10 1.00 1.00 1.00 0.38 0.45 0.32 
0.3 5.6 5.6 5.6 1 1.4 0.8 0.15 0.15 0.15 1.00 1.00 1.00 0.48 0.64 0.36 
0.4 5.6 5.6 5.6 1.3 1.7 1 0.19 0.19 0.19 1.00 1.00 1.00 0.62 0.77 0.45 
0.5 5.6 5.6 5.6 1.6 1.9 1.5 0.24 0.24 0.24 1.00 1.00 1.00 0.76 0.86 0.68 
0.6 5.7 5.7 5.6 1.6 2 1.5 0.29 0.29 0.29 1.02 1.02 1.00 0.76 0.91 0.68 
0.7 5.7 5.8 5.7 1.9 2.1 1.5 0.34 0.34 0.34 1.02 1.04 1.02 0.90 0.95 0.68 
0.8 5.9 5.9 5.8 1.9 2.1 1.5 0.39 0.39 0.39 1.05 1.05 1.04 0.90 0.95 0.68 
0.9 6 6 5.9 1.9 2.1 2 0.44 0.44 0.44 1.07 1.07 1.05 0.90 0.95 0.91 
1 6 6 6 1.9 2.1 2.1 0.49 0.49 0.49 1.07 1.07 1.07 0.90 0.95 0.95 
1.1 6 6 6 2.1 2.1 2.1 0.53 0.53 0.53 1.07 1.07 1.07 1.00 0.95 0.95 
1.2 6 6 6 2.1 2.1 2.1 0.58 0.58 0.58 1.07 1.07 1.07 1.00 0.95 0.95 
1.3 6 6 6 2.1 2.1 2.1 0.63 0.63 0.63 1.07 1.07 1.07 1.00 0.95 0.95 
1.2 6 6 6 2.1 2.1 2.1 0.58 0.58 0.58 1.07 1.07 1.07 1.00 0.95 0.95 
1.1 6 6 6 2.1 2.1 2.1 0.53 0.53 0.53 1.07 1.07 1.07 1.00 0.95 0.95 
1 6 6 6 2.1 2.1 2.1 0.49 0.49 0.49 1.07 1.07 1.07 1.00 0.95 0.95 
0.9 6 6 5.8 2.1 2.1 2 0.44 0.44 0.44 1.07 1.07 1.04 1.00 0.95 0.91 
0.8 5.9 5.9 5.8 2 1.7 2 0.39 0.39 0.39 1.05 1.05 1.04 0.95 0.77 0.91 
0.7 5.8 5.7 5.7 1.7 1.6 1.7 0.34 0.34 0.34 1.04 1.02 1.02 0.81 0.73 0.77 
0.6 5.6 5.6 5.6 1.6 1.5 1.4 0.29 0.29 0.29 1.00 1.00 1.00 0.76 0.68 0.64 
0.5 5.6 5.6 5.6 1.3 1.4 1.4 0.24 0.24 0.24 1.00 1.00 1.00 0.62 0.64 0.64 
0.4 5.6 5.6 5.6 0.7 0.8 1.2 0.19 0.19 0.19 1.00 1.00 1.00 0.33 0.36 0.55 
0.3 5.6 5.6 5.6 0.6 0.7 0.8 0.15 0.15 0.15 1.00 1.00 1.00 0.29 0.32 0.36 
0.2 5.6 5.6 5.6 0.5 0.5 0.6 0.10 0.10 0.10 1.00 1.00 1.00 0.24 0.23 0.27 
0.1 5.6 5.6 5.6 0.4 0.4 0.5 0.05 0.05 0.05 1.00 1.00 1.00 0.19 0.18 0.23 
0 5.6 5.6 5.6 0.3 0.3 0.3 0.00 0.00 0.00 1.00 1.00 1.00 0.14 0.14 0.14 
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MCC Pellets Size range: 400-700 µm 
Flow Height ∆ p Superficial gas velocity Bed expansion ratio 
Normal pressure 
drop 
SCFM cm  cm/s       
0 4.7 4.7 4.7 0.3 0.2 0.3 0.00 0.00 0.00 1.00 1.00 1.00 0.14 0.09 0.14 
0.1 4.7 4.7 4.7 0.4 0.3 0.4 0.05 0.05 0.05 1.00 1.00 1.00 0.18 0.14 0.18 
0.2 4.7 4.7 4.7 0.5 0.5 0.5 0.10 0.10 0.10 1.00 1.00 1.00 0.23 0.23 0.23 
0.3 4.7 4.7 4.7 0.6 0.6 0.6 0.15 0.15 0.15 1.00 1.00 1.00 0.27 0.27 0.27 
0.4 4.7 4.7 4.7 0.8 0.8 0.7 0.19 0.19 0.19 1.00 1.00 1.00 0.36 0.36 0.32 
0.5 4.7 4.7 4.7 0.9 0.9 1 0.24 0.24 0.24 1.00 1.00 1.00 0.41 0.41 0.45 
0.6 4.7 4.7 4.7 1.1 1 1.1 0.29 0.29 0.29 1.00 1.00 1.00 0.50 0.45 0.50 
0.7 4.7 4.7 4.7 1.8 1.3 1.4 0.34 0.34 0.34 1.00 1.00 1.00 0.82 0.59 0.64 
0.8 4.7 4.7 4.7 1.7 1.4 1.7 0.39 0.39 0.39 1.00 1.00 1.00 0.77 0.64 0.77 
0.9 4.8 4.8 4.8 1.9 1.5 2 0.44 0.44 0.44 1.02 1.02 1.02 0.86 0.68 0.91 
1 4.8 4.8 4.8 1.9 1.9 2.1 0.49 0.49 0.49 1.02 1.02 1.02 0.86 0.86 0.95 
1.1 4.9 4.9 4.8 1.9 2 2.1 0.53 0.53 0.53 1.04 1.04 1.02 0.86 0.91 0.95 
1.2 5 5 4.9 2 2 2.1 0.58 0.58 0.58 1.06 1.06 1.04 0.91 0.91 0.95 
1.3 5.2 5.1 5 2 2.1 2.1 0.63 0.63 0.63 1.11 1.09 1.06 0.91 0.95 0.95 
1.4 5.2 5.2 5 2 2.1 2.1 0.68 0.68 0.68 1.11 1.11 1.06 0.91 0.95 0.95 
1.5 5.2 5.4 5.1 2.1 2.1 2.1 0.73 0.73 0.73 1.11 1.15 1.09 0.95 0.95 0.95 
1.6 5.4 5.4 5.2 2.1 2.1 2.1 0.78 0.78 0.78 1.15 1.15 1.11 0.95 0.95 0.95 
1.7 5.4 5.4 5.4 2.1 2.1 2.1 0.83 0.83 0.83 1.15 1.15 1.15 0.95 0.95 0.95 
1.8 5.4 5.4 5.4 2.1 2.1 2.1 0.87 0.87 0.87 1.15 1.15 1.15 0.95 0.95 0.95 
1.9 5.4 5.4 5.4 2.1 2.1 2.1 0.92 0.92 0.92 1.15 1.15 1.15 0.95 0.95 0.95 
1.8 5.4 5.4 5.4 2.1 2.1 2.1 0.87 0.87 0.87 1.15 1.15 1.15 0.95 0.95 0.95 
1.7 5.4 5.4 5.4 2.1 2.1 2.1 0.83 0.83 0.83 1.15 1.15 1.15 0.95 0.95 0.95 
1.6 5.4 5.4 5.2 2.1 2.1 2.1 0.78 0.78 0.78 1.15 1.15 1.11 0.95 0.95 0.95 
1.5 5 5.2 5.2 2.1 2.1 2.1 0.73 0.73 0.73 1.06 1.11 1.11 0.95 0.95 0.95 
1.4 5.1 5.1 5.1 2.1 2.1 2.1 0.68 0.68 0.68 1.09 1.09 1.09 0.95 0.95 0.95 
1.3 5.1 5 5 2.1 2.1 2.1 0.63 0.63 0.63 1.09 1.06 1.06 0.95 0.95 0.95 
1.2 5 4.9 4.9 2 2 1.6 0.58 0.58 0.58 1.06 1.04 1.04 0.91 0.91 0.73 
1.1 4.9 4.9 4.8 2 2 1.6 0.53 0.53 0.53 1.04 1.04 1.02 0.91 0.91 0.73 
1 4.9 4.9 4.8 1.9 2 1.5 0.49 0.49 0.49 1.04 1.04 1.02 0.86 0.91 0.68 
0.9 4.7 4.9 4.8 1.9 1.9 1.5 0.44 0.44 0.44 1.00 1.04 1.02 0.86 0.86 0.68 
0.8 4.7 4.8 4.8 1.8 2 1.4 0.39 0.39 0.39 1.00 1.02 1.02 0.82 0.91 0.64 
0.7 4.7 4.7 4.7 1.7 1.9 1.1 0.34 0.34 0.34 1.00 1.00 1.00 0.77 0.86 0.50 
0.6 4.7 4.7 4.7 1.4 1.8 1.1 0.29 0.29 0.29 1.00 1.00 1.00 0.64 0.82 0.50 
0.5 4.7 4.7 4.7 1.1 1.2 1 0.24 0.24 0.24 1.00 1.00 1.00 0.50 0.55 0.45 
0.4 4.7 4.7 4.7 0.8 1.1 0.9 0.19 0.19 0.19 1.00 1.00 1.00 0.36 0.50 0.41 
0.3 4.7 4.7 4.7 0.7 0.9 0.7 0.15 0.15 0.15 1.00 1.00 1.00 0.32 0.41 0.32 
0.2 4.7 4.7 4.7 0.5 0.7 0.6 0.10 0.10 0.10 1.00 1.00 1.00 0.23 0.32 0.27 
0.1 4.7 4.7 4.7 0.3 0.5 0.4 0.05 0.05 0.05 1.00 1.00 1.00 0.14 0.23 0.18 
0 4.7 4.7 4.7 0.2 0.2 0.3 0.00 0.00 0.00 1.00 1.00 1.00 0.09 0.09 0.14 
97 
 
 
  
0.98
1.00
1.02
1.04
1.06
1.08
1.10
1.12
1.14
1.16
0.00 0.20 0.40 0.60 0.80 1.00
be
d 
ex
pa
ns
io
n 
ra
tio
 
superficial velocity(cm/s) 
MCC-400-700-3-1
MCC-400-700-3-2
MCC-400-700-1-1
MCC-400-700-1-2
MCC-400-700-2-1
MCC-400-700-2-2
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0.00 0.20 0.40 0.60 0.80 1.00
no
rm
al
iz
ed
 p
re
ss
ur
e 
superficial velocity(cm/s) 
MCC-400-700-3-1
MCC-400-700-3-2
MCC-400-700-1-1
MCC-400-700-1-2
MCC-400-700-2-1
MCC-400-700-2-2
98 
MCC Powder 
Flow Height ∆ p Superficial gas velocity 
Bed expansion 
ratio 
Normal 
pressure drop 
SCFM cm  cm/s     
0 7.9 7.9 7.9 0.1 0.2 0.1 0.00 1.00 1.00 1.00 0.06 0.12 0.06 
1 8.1 8 8.1 0.6 0.3 0.9 0.01 1.03 1.01 1.03 0.35 0.17 0.52 
2 8.4 7.8 7.6 0.8 0.4 0.3 0.02 1.06 0.99 0.96 0.46 0.23 0.17 
3 8.9 8.9 8.5 1.6 0.9 1 0.02 1.13 1.13 1.08 0.92 0.52 0.58 
4 9.5 9.4 9.9 1.6 1 1.1 0.03 1.20 1.19 1.25 0.92 0.58 0.64 
5 9.9 10.4 10.1 1.6 1.1 1 0.04 1.25 1.32 1.28 0.92 0.64 0.58 
6 10.8 10.9 10.9 1.7 1.2 1 0.05 1.37 1.38 1.38 0.98 0.69 0.58 
7 11.5 10.9 11 1.7 1.3 1 0.06 1.46 1.38 1.39 0.98 0.75 0.58 
8 11 10.9 10.9 1.7 1 1 0.06 1.39 1.38 1.38 0.98 0.58 0.58 
9 11 10.9 10.9 1.7 1 1 0.07 1.39 1.38 1.38 0.98 0.58 0.58 
10 11 10.9 10.9 1.7 1 1 0.08 1.39 1.38 1.38 0.98 0.58 0.58 
9 10.5 10.9 10.9 1.7 0.9 1 0.07 1.33 1.38 1.38 0.98 0.52 0.58 
8 10.9 10.9 10.9 1.7 1 1 0.06 1.38 1.38 1.38 0.98 0.58 0.58 
7 11 10.9 10.9 1.6 0.9 0.9 0.06 1.39 1.38 1.38 0.92 0.52 0.52 
6 11 10.9 10.9 1.6 0.9 0.8 0.05 1.39 1.38 1.38 0.92 0.52 0.46 
5 10.5 10.4 10.6 1.5 0.9 0.7 0.04 1.33 1.32 1.34 0.87 0.52 0.40 
4 10.2 10.1 10 1.5 0.9 0.6 0.03 1.29 1.28 1.27 0.87 0.52 0.35 
3 8.5 8.9 8 1.4 0.7 0.7 0.02 1.08 1.13 1.01 0.81 0.40 0.40 
2 8 8.1 7.9 1.3 0.4 0.5 0.02 1.01 1.03 1.00 0.75 0.23 0.29 
1 7.9 7.9 7.8 0.7 0.2 0.4 0.01 1.00 1.00 0.99 0.40 0.12 0.23 
0 7.8 7.8 7.8 0.4 0.1 0.2 0.00 0.99 0.99 0.99 0.23 0.06 0.12 
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Ginseng powder  
Flow Height ∆ p Superficial gas velocity 
Bed expansion 
ratio 
Normal  
pressure drop 
SCFM cm cm cm/s   
0 5 5 5.2 0.2 0.3 0.3 0.00 0.00 0.00 1.00 1.00 1.00 0.12 0.17 0.17 
1 5.5 5.3 5.2 0.8 0.5 0.5 0.01 0.01 0.01 1.10 1.06 1.00 0.46 0.29 0.29 
2 5.5 5.3 5.2 1 0.7 0.7 0.02 0.02 0.02 1.10 1.06 1.00 0.58 0.40 0.40 
3 5.6 5.3 5.2 1.5 1 1.5 0.02 0.02 0.02 1.12 1.06 1.00 0.87 0.58 0.87 
4 5.6 5.3 5.2 2.4 1.7 1.8 0.03 0.03 0.03 1.12 1.06 1.00 1.39 0.98 1.04 
5 5.6 5.4 5.2 2.6 2.8 2.7 0.04 0.04 0.04 1.12 1.08 1.00 1.50 1.62 1.56 
6 5.6 5.4 5.2 3.9 3.7 3.2 0.05 0.05 0.05 1.12 1.08 1.00 2.25 2.14 1.85 
7 5.6 5.4 5.2 4.7 4.7 4.7 0.06 0.06 0.06 1.12 1.08 1.00 2.72 2.72 2.72 
8 5.6 5.4 5.2 5.8 6.1 5.7 0.06 0.06 0.06 1.12 1.08 1.00 3.35 3.53 3.29 
9 5.6 5.5 5.3 6.9 6.7 6.8 0.07 0.07 0.07 1.12 1.10 1.02 3.99 3.87 3.93 
10 5.6 5.5 5.5 8.2 8.2 7.6 0.08 0.08 0.08 1.12 1.10 1.06 4.74 4.74 4.39 
9 5.6 5.4 5.5 6.8 6.5 6 0.07 0.07 0.07 1.12 1.08 1.06 3.93 3.76 3.47 
8 5.6 5.4 5.5 5.8 5.6 5.3 0.06 0.06 0.06 1.12 1.08 1.06 3.35 3.24 3.06 
7 5.6 5.4 5.5 4.7 4.4 4.1 0.06 0.06 0.06 1.12 1.08 1.06 2.72 2.54 2.37 
6 5.6 5.4 5.5 3.8 3.6 3.6 0.05 0.05 0.05 1.12 1.08 1.06 2.20 2.08 2.08 
5 5.6 5.4 5.5 2.8 2.9 2.6 0.04 0.04 0.04 1.12 1.08 1.06 1.62 1.68 1.50 
4 5.6 5.3 5.5 2.4 2.3 1.8 0.03 0.03 0.03 1.12 1.06 1.06 1.39 1.33 1.04 
3 5.6 5.3 5.5 1.5 1.9 1.5 0.02 0.02 0.02 1.12 1.06 1.06 0.87 1.10 0.87 
2 5.6 5.3 5.3 1.2 1.2 0.7 0.02 0.02 0.02 1.12 1.06 1.02 0.69 0.69 0.40 
1 5.5 5.3 5.2 0.8 0.6 0.6 0.01 0.01 0.01 1.10 1.06 1.00 0.46 0.35 0.35 
0 5 5.3 5.2 0.3 0.3 0.3 0.00 0.00 0.00 1.00 1.06 1.00 0.17 0.17 0.17 
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Lactose powder 
Flow Height ∆ p Superficial gas velocity Bed expansion ratio 
Normal  
pressure drop 
SCFM cm cm cm/s   
0 6.2 6.2 6.2 0.3 0.3 0.3 0.00 0.00 0.00 1.00 1.00 1.00 0.17 0.17 0.17 
6 6.2 6.2 6.2 0.4 0.5 0.45 0.05 0.05 0.05 1.00 1.00 1.00 0.23 0.29 0.26 
8 6.2 6.2 6.2 0.6 0.6 0.6 0.06 0.06 0.06 1.00 1.00 1.00 0.35 0.35 0.35 
10 6.2 6.2 6.2 0.7 1 0.85 0.08 0.08 0.08 1.00 1.00 1.00 0.40 0.58 0.49 
12 6.2 6.3 6.25 0.8 1.3 1.05 0.10 0.10 0.10 1.00 1.02 1.01 0.46 0.75 0.61 
14 6.4 6.8 6.6 1.3 1.5 1.4 0.11 0.11 0.11 1.03 1.10 1.06 0.75 0.87 0.81 
16 6.5 6.9 6.7 1.4 1.5 1.45 0.13 0.13 0.13 1.05 1.11 1.08 0.81 0.87 0.84 
18 6.8 7 6.9 1.5 1.7 1.6 0.15 0.15 0.15 1.10 1.13 1.11 0.87 0.98 0.92 
20 7 7 7 1.9 1.7 1.8 0.16 0.16 0.16 1.13 1.13 1.13 1.10 0.98 1.04 
22 7 7 7 1.6 1.8 1.7 0.18 0.18 0.18 1.13 1.13 1.13 0.92 1.04 0.98 
24 7.1 7 7.05 2.2 1.7 1.95 0.19 0.19 0.19 1.15 1.13 1.14 1.27 0.98 1.13 
22 6.4 7 6.7 1.3 1.7 1.5 0.18 0.18 0.18 1.03 1.13 1.08 0.75 0.98 0.87 
20 6.4 6.8 6.6 1.2 1.6 1.4 0.16 0.16 0.16 1.03 1.10 1.06 0.69 0.92 0.81 
18 6.4 6.7 6.55 1.2 1.4 1.3 0.15 0.15 0.15 1.03 1.08 1.06 0.69 0.81 0.75 
16 6.3 6.7 6.5 1.1 1.1 1.1 0.13 0.13 0.13 1.02 1.08 1.05 0.64 0.64 0.64 
14 6.3 6.5 6.4 1 1.1 1.05 0.11 0.11 0.11 1.02 1.05 1.03 0.58 0.64 0.61 
12 6.2 6.5 6.35 0.6 0.7 0.65 0.10 0.10 0.10 1.00 1.05 1.02 0.35 0.40 0.38 
10 6.2 6.4 6.3 0.6 0.6 0.6 0.08 0.08 0.08 1.00 1.03 1.02 0.35 0.35 0.35 
8 6.2 6.4 6.3 0.6 0.6 0.6 0.06 0.06 0.06 1.00 1.03 1.02 0.35 0.35 0.35 
6 6.2 6.3 6.25 0.5 0.5 0.5 0.05 0.05 0.05 1.00 1.02 1.01 0.29 0.29 0.29 
0 6.2 6.2 6.2 0.4 0.3 0.35 0.00 0.00 0.00 1.00 1.00 1.00 0.23 0.17 0.20 
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4. Rotating bed 
Pressure drop of Rotating Fluidized Bed without beads 
Flow  ∆p(inch of water) 
SCFH Speed 0(R.P.M) Speed 5.5(R.P.M) Speed 11(R.P.M) Speed 16.5(R.P.M) 
0 0 0 0 0 
24 1 1 1 1 
30 1.5 1.5 1.5 1.5 
36 2 2 2 2 
42 3 3 2.5 2.8 
48 3.5 3.5 3.5 3.5 
54 4 4.5 4 4.2 
60 5 5 5 5 
66 6 6 6 6 
72 7 7 6.5 6.8 
78 8 8 7.5 7.8 
84 9 9 9 9 
90 10 10 10 10 
96 11 11 11 11 
102 12.5 12 12.5 12.3 
108 14 14 14 14 
114 15 15 15.5 15.2 
120 17 17 17 17 
126 19 18.5 18 18.5 
132 20.5 20 20 20.17 
138 22 21 21 21.3 
144 24 23 23 23.3 
150 26 25 25 25.3 
156 27 27 27 27 
162 30 28.5 29 29.2 
168 33.5 32 32 32.5 
174 35 35 33 34.3 
180 38 36 37.5 37.2 
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Lactose 45% (100-400 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1039.716 1119.444 1170.799 126.1812 135.4664 137.8477 0.23 0.22 0.21 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 1008.564 1075.62 1159.394 131.0577 134.2776 131.7547 0.23 0.22 0.22 0.00 0.00 0.00 0.04 0.03 0.04 0.97 0.96 0.99 
8 0 0 0 1080.524 1127.984 1172.026 121.9049 128.6635 136.1237 0.24 0.23 0.22 0.00 0.00 0.00 0.05 0.05 0.05 1.04 1.01 1.00 
10 0 0 0.5 1012.769 1189.454 1221.959 130.8373 126.8488 132.882 0.23 0.23 0.22 0.00 0.00 2.25 0.06 0.06 0.06 0.97 1.06 1.04 
12 0 1.25 0.25 1112.763 1223.123 1287.709 131.2484 138.53 136.4658 0.23 0.21 0.22 0.00 5.86 1.15 0.07 0.07 0.07 1.07 1.09 1.10 
14 0 1 0.5 1077.623 1292.098 1224.269 123.5792 140.7461 132.4726 0.24 0.21 0.22 0.00 4.76 2.24 0.09 0.08 0.08 1.04 1.15 1.05 
16 0 0.5 0.5 1158.486 1291.464 1271.522 132.2764 136.2673 134.4226 0.22 0.22 0.22 0.00 2.31 2.27 0.09 0.09 0.09 1.11 1.15 1.09 
18 0 0 1.5 1168.986 1185.941 1273.828 133.8501 136.6379 136.2082 0.22 0.22 0.22 0.00 0.00 6.91 0.10 0.10 0.10 1.12 1.06 1.09 
20 0 0 0.25 1188.172 1282.284 1319.973 132.778 133.5319 144.3641 0.22 0.22 0.20 0.00 0.00 1.22 0.12 0.12 0.11 1.14 1.15 1.13 
22 0 1.75 0.75 1292.541 1337.369 1387.536 135.7847 136.7503 138.3652 0.22 0.22 0.21 0.00 8.10 3.51 0.13 0.12 0.12 1.24 1.19 1.19 
24 0 0 2 1285.157 1317.826 1294.122 136.862 138.5825 143.712 0.22 0.21 0.21 0.00 0.00 9.73 0.14 0.13 0.13 1.24 1.18 1.13 
30 2 2.5 2.5 1548.555 1505.54 1432.498 155.2489 150.4167 152.5349 0.19 0.20 0.19 10.51 12.72 12.90 0.15 0.15 0.15 1.49 1.22 1.25 
36 2 2.7 3 1387.935 1634.32 1397.885 144.8688 163.3704 155.3101 0.20 0.18 0.19 9.80 14.93 15.77 0.19 0.17 0.18 1.33 1.33 1.22 
42 2.7 3.5 2.7 1515.934 1783.66 1566.138 135.0671 160.8484 163.4952 0.22 0.18 0.18 12.34 19.05 14.94 0.24 0.20 0.20 1.46 1.45 1.37 
48 3 3.3 3 1573.678 1595.58 1656.536 136.5831 149.7013 158.1742 0.22 0.20 0.19 13.86 16.72 16.06 0.27 0.25 0.23 1.51 1.30 1.45 
54 3.3 3.5 3.8 1663.215 1635.72 1608.173 140.0796 146.7271 160.1896 0.21 0.20 0.18 15.64 17.38 20.60 0.30 0.28 0.26 1.60 1.33 1.40 
60 4 4.5 4.5 1768.003 1738.05 1696.612 154.4966 166.2851 170.1638 0.19 0.18 0.17 20.91 25.32 25.91 0.30 0.28 0.27 1.70 1.41 1.48 
66 4 4.7 5 1865.31 1530.36 1809.805 156.6458 140.3159 171.313 0.19 0.21 0.17 21.20 22.32 28.98 0.33 0.36 0.30 1.79 1.24 1.58 
72 4.7 5.2 5.7 1829.44 1712.13 1823.877 152.9123 159.8622 156.4266 0.19 0.18 0.19 24.32 28.13 30.17 0.36 0.35 0.36 1.76 1.39 1.59 
78 5.7 5 5.7 1665.786 1714.05 1685.349 168.6524 159.355 158.9509 0.18 0.19 0.19 32.53 26.96 30.66 0.36 0.38 0.38 1.60 1.39 1.47 
84 5.5 6 6 1541.557 1670.80 1811.128 152.2015 153.1423 164.0371 0.19 0.19 0.18 28.33 31.09 33.30 0.43 0.42 0.40 1.48 1.36 1.58 
90 6.5 7 6.5 1987.19 1904.60 1967.932 150.1082 157.9385 173.5021 0.20 0.19 0.17 33.02 37.41 38.16 0.46 0.44 0.40 1.91 1.55 1.72 
96 7 7.7 8 1863.323 2139.12 1885.392 161.2136 188.9623 185.5664 0.18 0.16 0.16 38.19 49.23 50.23 0.46 0.39 0.40 1.79 1.74 1.65 
102 8.7 8.5 10.7 1926.308 1885.37 2008.579 168.0523 165.915 179.573 0.18 0.18 0.16 49.47 47.72 65.02 0.47 0.47 0.44 1.85 1.53 1.75 
108 8.5 8.8 14 2011.61 2003.95 1926.845 169.7749 162.5069 167.103 0.17 0.18 0.18 48.83 48.39 79.16 0.49 0.51 0.50 1.93 1.63 1.68 
114 8.8 10.5 13.8 1855.213 1965.19 1889.922 151.677 186.427 181.8527 0.19 0.16 0.16 45.17 66.24 84.92 0.58 0.47 0.48 1.78 1.60 1.65 
120 10 11.5 16 2052.374 1845.12 1917.69 209.5206 185.6942 178.2562 0.14 0.16 0.17 70.90 72.26 96.51 0.44 0.50 0.52 1.97 1.50 1.67 
126 11 9.83 16.5 2099.728 1927.76 1988.969 172.4792 162.5669 170.2994 0.17 0.18 0.17 64.20 54.07 95.08 0.56 0.60 0.57 2.02 1.57 1.74 
132 12.33 10.7 17.83 2119.4 1869.51 2166.572 203.8068 162.6727 182.767 0.15 0.18 0.16 85.03 58.90 110.27 0.50 0.63 0.56 2.04 1.52 1.89 
138 13.7 11.7 19.7 2364.833 1989.94 2091.585 246.748 196.3903 172.9302 0.12 0.15 0.17 114.39 77.75 115.28 0.43 0.54 0.62 2.27 1.62 1.83 
144 15.7 12.7 21.7 2413.69 2102.46 2014.41 241.6131 166.2649 177.0025 0.12 0.18 0.17 128.36 71.45 129.97 0.46 0.67 0.63 2.32 1.71 1.76 
150 16.2 14 22.7 2189.704 2151.48 1957.883 242.8001 179.8315 177.6987 0.12 0.16 0.17 133.10 85.19 136.49 0.48 0.64 0.65 2.11 1.75 1.71 
156 18 14.8 24 2491.244 1728.77 2322.441 281.2604 161.7707 201.6359 0.11 0.18 0.15 171.31 81.01 163.75 0.43 0.74 0.60 2.40 1.40 2.03 
162 19.3 16.5 25.8 2555.214 1947.30 2481.17 310.98 174.3985 201.829 0.10 0.17 0.15 203.09 97.37 176.20 0.40 0.72 0.62 2.46 1.58 2.16 
168 19.5 18.7 26.5 2045.237 2392.71 2203.494 246.6969 197.6902 200.0741 0.12 0.15 0.15 162.78 125.09 179.41 0.53 0.66 0.65 1.97 1.94 1.92 
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Superficial velocity(cm/s) 
Lactose 45% (100-400) 1
Lactose 45% (100-400) 2
Lactose 45% (100-400) 3
106 
Lactose 45% (400-700, 0 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1048.348 950.6595 1007.088 122.7255 122.6753 123.1366 0.24 0.24 0.24 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 999.4981 1438.57 987.2705 123.1836 121.4109 121.3587 0.24 0.24 0.24 0.00 0.00 0.00 0.04 0.04 0.04 0.95 1.51 0.98 
8 0 0 0 1002.553 926.3499 982.0695 115.4958 120.1766 122.9558 0.26 0.25 0.24 0.00 0.00 0.00 0.05 0.05 0.05 0.96 0.97 0.98 
10 0.5 0 0 1011.685 960.8436 965.3589 119.4356 117.5763 120.3139 0.25 0.25 0.25 2.02 0.00 0.00 0.06 0.07 0.06 0.97 1.01 0.96 
12 0.75 0.75 0 1028.39 946.4591 902.3535 120.8985 120.8968 119.1218 0.24 0.24 0.25 3.07 3.07 0.00 0.08 0.08 0.08 0.98 1.00 0.90 
14 2 0 1 1050.419 934.0015 936.3434 120.0469 120.9001 122.8575 0.25 0.24 0.24 8.12 0.00 4.16 0.09 0.09 0.09 1.00 0.98 0.93 
16 0 0 1.5 1019.764 1362.2 975.2468 118.7185 124.6168 121.0483 0.25 0.24 0.24 0.00 0.00 6.14 0.10 0.10 0.10 0.97 1.43 0.97 
18 2 0.5 1.5 1025.953 1425.52 948.5855 123.0857 121.688 124.9825 0.24 0.24 0.24 8.33 2.06 6.34 0.11 0.11 0.11 0.98 1.50 0.94 
20 2.25 0 0.25 1043.323 918.9334 920.7375 121.589 119.7261 119.4467 0.24 0.25 0.25 9.26 0.00 1.01 0.13 0.13 0.13 1.00 0.97 0.91 
22 1.75 1.25 0.75 1033.721 962.4807 967.4999 120.3545 121.7151 123.748 0.25 0.24 0.24 7.13 5.15 3.14 0.14 0.14 0.14 0.99 1.01 0.96 
24 1.25 2.75 2 1013.044 963.6288 914.3195 121.3994 122.9408 120.3592 0.24 0.24 0.25 5.13 11.44 8.15 0.15 0.15 0.15 0.97 1.01 0.91 
30 3.5 3 3 872.2075 949.0461 965.5468 116.8901 127.36 125.2951 0.25 0.23 0.24 13.84 12.93 12.72 0.20 0.18 0.18 0.83 1.00 0.96 
36 4.5 4.5 4 902.7586 1012.111 953.8901 111.131 129.4516 121.1504 0.27 0.23 0.24 16.92 19.71 16.40 0.25 0.21 0.23 0.86 1.06 0.95 
42 5.2 4.7 4.7 875.4563 967.3843 914.7528 112.7955 127.938 121.912 0.26 0.23 0.24 19.85 20.35 19.39 0.29 0.25 0.27 0.84 1.02 0.91 
48 6.5 6 6 859.1489 910.1752 913.7922 114.4327 125.8628 121.6247 0.26 0.23 0.24 25.17 25.55 24.69 0.32 0.29 0.30 0.82 0.96 0.91 
54 7.3 7.3 7.3 906.971 996.8779 990.4028 120.8831 130.6336 120.8109 0.24 0.23 0.24 29.86 32.27 29.84 0.34 0.32 0.35 0.87 1.05 0.98 
60 8.5 8.5 8 886.3663 932.9578 920.1326 114.5679 123.9079 116.3427 0.26 0.24 0.25 32.95 35.64 31.49 0.40 0.37 0.40 1.07 0.98 0.91 
66 10 9.5 9 911.2581 976.76 985.2491 117.4725 127.597 119.141 0.25 0.23 0.25 39.75 41.02 36.28 0.43 0.40 0.43 1.10 1.03 1.04 
72 11.2 11.7 11.2 957.1527 1028.62 963.3522 118.0841 129.1672 114.5615 0.25 0.23 0.26 44.75 51.14 43.42 0.47 0.43 0.49 1.16 1.01 1.01 
78 13.2 12.2 11.7 914.2844 919.1131 925.7667 113.9334 126.9619 124.0501 0.26 0.23 0.24 50.89 52.41 49.11 0.53 0.47 0.49 1.11 0.90 0.97 
84 14.5 15 13.5 1060.53 1012.9 847.174 118.3071 133.9597 115.6349 0.25 0.22 0.26 58.05 67.99 52.82 0.55 0.48 0.56 1.29 0.99 0.89 
90 17 17 16 1020.955 1040.737 1000.366 115.4562 129.7959 121.5597 0.26 0.23 0.24 66.42 74.66 65.81 0.60 0.54 0.57 1.24 1.02 1.05 
96 20 19 17.5 1075.35 984.8315 972.8721 119.6899 124.2933 119.7818 0.25 0.24 0.25 81.00 79.91 70.93 0.62 0.60 0.62 1.30 0.97 1.02 
102 22.2 21.7 20.7 1136.874 1017.84 1003.727 126.1024 128.5995 121.2973 0.23 0.23 0.24 94.73 94.43 84.96 0.62 0.61 0.65 1.38 1.00 1.06 
108 24 24.5 23 1064.577 1024.085 1002.589 118.88 134.2932 113.0179 0.25 0.22 0.26 96.54 111.33 87.96 0.70 0.62 0.74 1.29 1.01 1.05 
114 26.8 27.3 25.8 1145.972 1026.026 1006.849 128.0162 128.6936 119.7283 0.23 0.23 0.25 116.09 118.88 104.52 0.69 0.68 0.74 1.39 1.01 1.06 
120 29.5 29.5 28 1234.848 1072.466 977.0358 130.1839 126.4637 119.7859 0.23 0.23 0.25 129.95 126.24 113.49 0.71 0.73 0.77 1.50 1.05 1.03 
126 33 33.5 30.5 1263.268 1093.013 1122.61 131.8593 132.148 127.5748 0.22 0.22 0.23 147.24 149.80 131.66 0.74 0.74 0.76 1.53 1.07 1.18 
132 35.83 35.83 32.83 1278.323 1146.709 1029.876 130.8914 131.6827 122.9748 0.23 0.22 0.24 158.69 159.65 136.61 0.78 0.77 0.83 1.55 1.13 1.08 
138 37.7 37.7 35.7 1286.325 1236.517 1042.186 135.6638 134.7755 125.3877 0.22 0.22 0.24 173.06 171.93 151.47 0.79 0.79 0.85 1.56 1.21 1.10 
144 41.7 41.7 39.7 1324.407 1294.138 1126.215 137.098 134.0899 127.8949 0.22 0.22 0.23 193.45 189.20 171.81 0.81 0.83 0.87 1.60 1.27 1.18 
150 41.7 41.7 41.7 1281.195 1327.585 1257.372 136.8365 143.4973 130.6726 0.22 0.21 0.23 193.08 202.48 184.38 0.85 0.81 0.89 1.55 1.30 1.32 
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Superficial gas velocity(cm/s) 
Lactose 45% (400-700,speed 30) 1
Lactose 45% (400-700,speed 30) 2
Lactose 45% (400-700,speed 30) 3
108 
Lactose 45% (400-700, 5.5 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1133.76 1006.235 1202.595 130.8016 129.8099 129.3059 0.23 0.23 0.23 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 1125.07 1127.459 1237.785 132.2169 130.192 136.5498 0.22 0.23 0.22 0.00 0.00 0.00 0.04 0.04 0.03 0.99 1.12 1.03 
8 0 0 0 1091.771 1128.79 1139.058 128.4814 131.79 131.9955 0.23 0.22 0.22 0.00 0.00 0.00 0.05 0.05 0.05 0.96 1.12 0.95 
10 0 0.5 0 1110.938 1125.029 1132.381 133.3073 128.9852 132.8886 0.22 0.23 0.22 0.00 2.18 0.00 0.06 0.06 0.06 0.98 1.12 0.94 
12 0 0.25 0 1089.602 1129.029 1185.416 133.1367 132.366 134.4201 0.22 0.22 0.22 0.00 1.12 0.00 0.07 0.07 0.07 0.96 1.12 0.99 
14 0 0 0 1065.546 1247.129 1229.612 126.2471 131.5429 138.7832 0.23 0.22 0.21 0.00 0.00 0.00 0.09 0.08 0.08 0.94 1.24 1.02 
16 0 0 0 1072.324 1159.231 1232.263 132.2767 136.0464 134.258 0.22 0.22 0.22 0.00 0.00 0.00 0.09 0.09 0.09 0.95 1.15 1.02 
18 0 0 0 1135.903 1183.645 1268.427 127.0276 129.5242 133.9164 0.23 0.23 0.22 0.00 0.00 0.00 0.11 0.11 0.10 1.00 1.18 1.05 
20 0 0 0 1115.247 1142.422 1169.593 129.6689 129.8032 131.7752 0.23 0.23 0.22 0.00 0.00 0.00 0.12 0.12 0.12 0.98 1.14 0.97 
22 0 0 0 1118.812 1115.861 1244.722 131.7008 128.1148 138.1417 0.22 0.23 0.21 0.00 0.00 0.00 0.13 0.13 0.12 0.99 1.11 1.04 
24 0 2.5 0 1048.609 918.9475 1195.846 128.6829 115.7183 134.3968 0.23 0.26 0.22 0.00 9.79 0.00 0.14 0.16 0.14 0.92 0.91 0.99 
30 3.5 3.5 3.5 977.8605 967.9095 967.9095 125.3187 126.6319 126.6319 0.24 0.23 0.23 14.84 15.00 15.00 0.18 0.18 0.18 0.86 0.96 0.93 
36 4 4 4 970.6797 975.1984 975.1984 122.5159 121.4653 121.4653 0.24 0.24 0.24 16.58 16.44 16.44 0.23 0.23 0.23 0.86 0.97 0.94 
42 4.7 4.7 4.7 971.9992 970.0833 970.0833 122.6075 128.5478 128.5478 0.24 0.23 0.23 19.50 20.44 20.44 0.26 0.25 0.25 0.86 0.96 0.93 
48 6 5.5 5.5 929.2404 930.0971 930.0971 118.4421 120.9529 120.9529 0.25 0.24 0.24 24.05 22.51 22.51 0.31 0.31 0.31 0.82 0.92 0.89 
54 6.3 6.8 6.8 843.1329 915.7954 915.7954 121.2936 120.313 120.313 0.24 0.25 0.25 25.86 27.68 27.68 0.34 0.35 0.35 0.74 0.91 0.88 
60 8 8 8 918.1216 889.4368 889.4368 118.1487 116.3408 116.3408 0.25 0.25 0.25 31.98 31.49 31.49 0.39 0.40 0.40 0.81 0.88 0.85 
66 9.5 9.5 9.5 1041.44 980.5291 980.5291 121.6045 121.3155 121.3155 0.24 0.24 0.24 39.09 39.00 39.00 0.42 0.42 0.42 0.92 0.97 0.94 
72 10.7 10.7 10.7 1004.036 1003.302 1003.302 122.907 122.6956 122.6956 0.24 0.24 0.24 44.50 44.42 44.42 0.45 0.45 0.45 0.89 1.00 0.96 
78 12.2 12.2 12.2 973.7892 980.3224 980.3224 121.5426 116.9394 116.9394 0.24 0.25 0.25 50.18 48.27 48.27 0.50 0.52 0.52 0.86 0.97 0.94 
84 13.5 13.5 13.5 984.2576 990.7221 990.7221 123.3952 123.7193 123.7193 0.24 0.24 0.24 56.37 56.52 56.52 0.53 0.52 0.52 0.87 0.98 0.95 
90 16 16 16 1122.1 1027.396 1027.396 117.7533 116.8477 116.8477 0.25 0.25 0.25 63.75 63.26 63.26 0.59 0.59 0.59 0.99 1.02 0.99 
96 18 18 18 948.4887 1066.571 1066.571 122.5491 127.0526 127.0526 0.24 0.23 0.23 74.64 77.38 77.38 0.60 0.58 0.58 0.84 1.06 1.02 
102 20.7 20.7 20.7 988.8947 1088.528 1088.528 125.225 125.8263 125.8263 0.24 0.23 0.23 87.71 88.13 88.13 0.63 0.63 0.63 0.87 1.08 1.04 
108 22 22 22 1048.787 992.4663 992.4663 125.6123 125.1916 125.1916 0.24 0.24 0.24 93.51 93.20 93.20 0.66 0.67 0.67 0.93 0.99 0.95 
114 25.8 26.3 26.3 1159.201 1195.293 1195.293 137.8766 134.1064 134.1064 0.21 0.22 0.22 120.37 119.35 119.35 0.64 0.66 0.66 1.02 1.19 1.15 
120 28 28 28 1008.793 1054.438 1054.438 117.1665 126.5546 126.5546 0.25 0.23 0.23 111.01 119.90 119.90 0.79 0.73 0.73 1.14 1.05 1.01 
126 30.5 30.5 30.5 1146.6 1126.557 1126.557 131.358 122.3349 122.3349 0.22 0.24 0.24 135.57 126.26 126.26 0.74 0.80 0.80 1.30 1.12 1.08 
132 33.8 33.8 33.8 1211.053 1186.732 1186.732 132.574 134.7584 134.7584 0.22 0.22 0.22 151.76 154.26 154.26 0.77 0.76 0.76 1.37 1.18 1.14 
138 36.2 35.7 35.7 1129.863 1113.319 1113.319 120.7788 122.1626 122.1626 0.24 0.24 0.24 147.94 147.57 147.57 0.88 0.87 0.87 1.28 1.11 1.07 
144 38.7 38.7 38.7 1334.397 1260.049 1260.049 131.2213 130.0442 130.0442 0.23 0.23 0.23 171.84 170.30 170.30 0.85 0.85 0.85 1.51 1.25 1.21 
150 41.7 41.7 41.7 1474.241 1435.38 1435.38 140.43 137.3018 137.3018 0.21 0.22 0.22 198.15 193.74 193.74 0.82 0.84 0.84 1.67 1.43 1.38 
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Superficial gas velocity(cm/s) 
lactose 45% (400-700,speed 30) 1
lactose 45% (400-700,speed 30) 2
lactose 45% (400-700,speed 30) 3
110 
Lactose 45% (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
6 0 0 0 1160.89 1224.68 1154.57 131.51 135.12 132.23 0.22 0.22 0.22 0.00 0.00 0.00 0.04 0.00 0.00 1.00 1.00 1.00 
8 0 0 0 1170.76 1261.83 1785.87 137.86 137.26 135.58 0.21 0.22 0.22 0.00 0.00 0.00 0.04 0.03 0.03 1.01 1.03 1.55 
10 0 0 0 1131.72 1204.14 1323.40 135.19 133.00 138.73 0.22 0.22 0.21 0.00 0.00 0.00 0.06 0.05 0.04 0.97 0.98 1.15 
12 0 0 0 1219.37 1167.67 1076.73 133.72 135.72 130.80 0.22 0.22 0.23 0.00 0.00 0.00 0.07 0.06 0.06 1.05 0.95 0.93 
14 0 0 0 1076.34 1179.44 1240.22 133.79 134.32 140.16 0.22 0.22 0.21 0.00 0.00 0.00 0.08 0.07 0.07 0.93 0.96 1.07 
16 0 0 0 1178.19 1313.37 1240.11 137.91 140.21 131.57 0.21 0.21 0.22 0.00 0.00 0.00 0.09 0.08 0.08 1.01 1.07 1.07 
18 0 0 0 1123.61 1244.03 1218.84 136.97 138.74 138.41 0.22 0.21 0.21 0.00 0.00 0.00 0.10 0.09 0.09 0.97 1.02 1.06 
20 0 0 0 1342.78 1215.87 1213.09 132.74 129.78 136.40 0.22 0.23 0.22 0.00 0.00 0.00 0.12 0.11 0.10 1.16 0.99 1.05 
22 0 0 0 1133.80 1200.00 1200.01 138.04 135.78 135.01 0.21 0.22 0.22 0.00 0.00 0.00 0.12 0.11 0.11 0.98 0.98 1.04 
24 0 0 0 1076.84 1275.32 1122.24 131.46 136.97 129.57 0.22 0.22 0.23 0.00 0.00 0.00 0.14 0.12 0.13 0.93 1.04 0.97 
30 0 0 0 1120.27 1209.80 1274.49 134.63 132.47 137.47 0.22 0.22 0.21 0.00 0.00 0.00 0.17 0.14 0.13 0.97 0.99 1.10 
30 2.5 3 3 937.63 1025.10 898.67 120.52 127.88 117.95 0.25 0.23 0.25 10.20 12.98 11.97 0.19 0.18 0.20 0.81 0.84 0.78 
36 3.5 3.5 4 955.42 990.14 947.56 121.85 125.50 119.81 0.24 0.24 0.25 14.43 14.86 16.22 0.23 0.22 0.23 0.82 0.81 0.82 
42 3.7 4.2 4.7 929.53 1077.83 871.14 120.58 128.08 114.63 0.25 0.23 0.26 15.10 18.20 18.23 0.27 0.25 0.28 0.80 0.88 0.75 
48 5 4.5 5.3 925.32 1054.03 899.14 120.68 125.75 123.01 0.24 0.24 0.24 20.42 19.15 22.06 0.31 0.29 0.30 0.80 0.86 0.78 
54 5.8 5.8 5 951.27 969.24 913.70 122.87 126.61 129.10 0.24 0.23 0.23 24.11 24.85 21.84 0.34 0.33 0.32 0.82 0.79 0.79 
60 7 7 5.5 991.75 1015.52 756.78 122.17 118.57 124.63 0.24 0.25 0.24 28.94 28.08 23.19 0.38 0.39 0.37 0.85 0.83 0.66 
66 7.5 7.5 5.2 987.02 978.31 801.60 126.24 122.87 120.06 0.23 0.24 0.25 32.04 31.18 21.12 0.40 0.41 0.42 0.85 0.80 0.69 
72 8.7 8.7 8.2 992.61 1048.29 947.09 122.27 125.51 123.79 0.24 0.24 0.24 35.99 36.95 34.35 0.45 0.44 0.45 0.86 0.86 0.82 
78 10.2 9.7 7.5 923.86 961.48 870.80 120.54 117.64 115.47 0.25 0.25 0.26 41.60 38.61 29.30 0.50 0.51 0.52 0.80 0.79 0.75 
84 11 10.5 8.5 1086.33 1030.78 867.71 120.60 122.00 117.04 0.25 0.24 0.25 44.89 43.35 33.66 0.54 0.53 0.55 0.94 0.84 0.75 
90 13 13 12 1006.53 1016.75 980.61 123.51 121.46 126.27 0.24 0.24 0.23 54.33 53.43 51.27 0.56 0.57 0.55 0.87 0.83 0.85 
96 15 15 12.7 1039.04 1063.67 924.22 119.40 132.77 121.95 0.25 0.22 0.24 60.60 67.39 52.41 0.62 0.56 0.61 0.90 0.87 0.80 
102 16.7 15.7 15.5 1042.33 969.24 969.49 122.69 119.87 126.11 0.24 0.25 0.23 69.33 63.68 66.14 0.64 0.66 0.62 0.90 0.79 0.84 
108 18 18 15.8 1074.92 1117.87 895.86 124.77 124.38 122.45 0.24 0.24 0.24 75.99 75.75 65.47 0.67 0.67 0.68 0.93 0.91 0.78 
114 20.3 20.3 18.5 1081.48 1096.12 1023.73 117.64 126.26 127.05 0.25 0.23 0.23 80.81 86.73 79.53 0.75 0.70 0.69 0.93 0.90 0.89 
120 22.5 21.5 23 1028.02 1009.75 991.11 122.19 125.73 131.61 0.24 0.24 0.22 93.03 91.47 102.43 0.76 0.74 0.70 0.89 0.82 0.86 
126 24 23 24.83 1021.63 1029.98 1026.39 127.05 127.05 125.23 0.23 0.23 0.24 103.18 98.88 105.21 0.77 0.77 0.78 0.88 0.84 0.89 
132 27.33 30.83 28.7 1069.47 1117.39 1039.73 119.02 120.28 125.60 0.25 0.25 0.24 110.07 125.48 121.98 0.86 0.85 0.81 0.92 0.91 0.90 
138 31.7 33.7 30.2 1090.76 1170.28 1119.46 130.04 132.74 132.13 0.23 0.22 0.22 139.49 151.37 135.02 0.82 0.80 0.81 0.94 0.96 0.97 
144 32.7 35.2 29.7 1100.87 1098.27 1174.04 127.59 122.23 128.51 0.23 0.24 0.23 141.18 145.59 129.15 0.87 0.91 0.87 0.95 0.90 1.02 
150 33.7 36.7 30.5 1091.08 1160.01 1008.55 119.83 137.15 125.63 0.25 0.22 0.24 136.65 170.32 129.66 0.97 0.84 0.92 0.94 0.95 0.87 
156 38 38 31.8 1083.40 1246.81 1016.32 116.07 127.07 127.42 0.25 0.23 0.23 149.25 163.39 137.11 1.04 0.95 0.95 0.93 1.02 0.88 
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Superficial gas velocity(cm/s) 
Lactose 45% (400-700 speed 60) 1
Lactose 45% (400-700 speed 60) 2
Lactose 45% (400-700 speed 60) 3
112 
Lactose 45% (400-700, 16.5 R.P.M) 
 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1231.95 1282.38 1321.96 137.53 135.42 139.37 0.21 0.22 0.21 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 1101.52 1254.30 1186.68 136.78 137.27 139.21 0.22 0.22 0.21 0.00 0.00 0.00 0.03 0.03 0.03 0.89 0.98 0.90 
8 0 0 0 1209.28 1338.61 1233.26 137.28 134.60 140.22 0.22 0.22 0.21 0.00 0.00 0.00 0.04 0.05 0.04 0.98 1.04 0.93 
10 0 0 0 1257.06 1268.19 1257.65 133.56 142.19 137.59 0.22 0.21 0.21 0.00 0.00 0.00 0.06 0.05 0.06 1.02 0.99 0.95 
12 0 0 0 1094.28 1228.17 1255.97 130.95 129.59 139.07 0.23 0.23 0.21 0.00 0.00 0.00 0.07 0.07 0.07 0.89 0.96 0.95 
14 0 0 0 1293.05 1264.34 1387.51 137.09 135.43 138.60 0.22 0.22 0.21 0.00 0.00 0.00 0.08 0.08 0.08 1.05 0.99 1.05 
16 0 0 0 1230.38 1301.33 1363.29 132.83 138.15 135.17 0.22 0.21 0.22 0.00 0.00 0.00 0.09 0.09 0.09 1.00 1.01 1.03 
18 0 0 0 1284.83 1235.26 1381.18 139.39 133.25 141.68 0.21 0.22 0.21 0.00 0.00 0.00 0.10 0.10 0.10 1.04 0.96 1.04 
20 0 0 0 1242.36 1245.24 1297.51 138.56 132.74 141.00 0.21 0.22 0.21 0.00 0.00 0.00 0.11 0.12 0.11 1.01 0.97 0.98 
22 0 0 0 1287.46 1336.26 1386.28 135.11 142.01 133.84 0.22 0.21 0.22 0.00 0.00 0.00 0.13 0.12 0.13 1.05 1.04 1.05 
24 3 0 2 814.47 1353.88 904.64 116.47 144.97 125.09 0.25 0.20 0.24 11.82 0.00 8.47 0.16 0.13 0.15 0.66 1.06 0.68 
30 2.5 2 2 870.40 931.09 931.09 120.47 120.98 120.98 0.25 0.24 0.24 10.19 8.19 8.19 0.19 0.19 0.19 0.71 0.73 0.70 
36 3.5 2.5 2.5 887.01 895.49 895.49 124.58 123.65 123.65 0.24 0.24 0.24 14.75 10.46 10.46 0.22 0.22 0.22 0.72 0.70 0.68 
42 4 5.2 5.2 942.76 947.99 947.99 124.43 124.50 124.50 0.24 0.24 0.24 16.84 21.91 21.91 0.26 0.26 0.26 0.77 0.74 0.72 
48 4.7 4 4 955.44 869.09 869.09 120.34 125.39 125.39 0.25 0.24 0.24 19.14 16.97 16.97 0.31 0.30 0.30 0.78 0.68 0.66 
54 5 5.3 5.3 936.62 927.07 927.07 124.34 118.60 118.60 0.24 0.25 0.25 21.04 21.27 21.27 0.34 0.35 0.35 0.76 0.72 0.70 
60 6.3 5.5 5.5 887.77 894.24 894.24 119.58 119.67 119.67 0.25 0.25 0.25 25.49 22.27 22.27 0.39 0.39 0.39 0.72 0.70 0.68 
66 7.5 6 6 986.82 953.80 953.80 123.48 121.14 121.14 0.24 0.24 0.24 31.34 24.60 24.60 0.41 0.42 0.42 0.80 0.74 0.72 
72 8.5 7.2 7.2 1041.96 966.72 966.72 120.29 116.48 116.48 0.25 0.25 0.25 34.60 28.38 28.38 0.46 0.48 0.48 0.85 0.75 0.73 
78 10.2 9.2 9.2 957.57 968.74 968.74 124.87 123.45 123.45 0.24 0.24 0.24 43.10 38.43 38.43 0.48 0.49 0.49 0.78 0.76 0.73 
84 11.2 9 9 1013.49 1040.48 1040.48 132.49 124.01 124.01 0.22 0.24 0.24 50.21 37.77 37.77 0.49 0.52 0.52 0.82 0.81 0.79 
90 14 11 11 1017.21 1018.87 1018.87 135.37 127.55 127.55 0.22 0.23 0.23 64.13 47.48 47.48 0.51 0.54 0.54 0.83 0.79 0.77 
96 11 13 13 921.44 979.44 979.44 121.81 121.32 121.32 0.24 0.24 0.24 45.34 53.37 53.37 0.61 0.61 0.61 0.75 0.76 0.74 
102 12.5 14.2 14.2 999.60 1073.97 1073.97 118.77 126.21 126.21 0.25 0.23 0.23 50.24 60.64 60.64 0.66 0.62 0.62 0.81 0.84 0.81 
108 15.7 16.5 16.5 1310.41 1095.49 1095.49 129.37 127.78 127.78 0.23 0.23 0.23 68.73 71.34 71.34 0.64 0.65 0.65 1.06 0.85 0.83 
114 13 18.8 18.8 1025.52 1202.47 1202.47 116.55 120.99 120.99 0.25 0.24 0.24 51.27 76.97 76.97 0.76 0.73 0.73 0.83 0.94 0.91 
120 13.8 21 21 1000.41 914.45 914.45 122.57 115.62 115.62 0.24 0.26 0.26 57.24 82.16 82.16 0.76 0.80 0.80 0.81 0.71 0.69 
126 17 22.5 22.5 1060.66 1151.55 1151.55 125.35 124.55 124.55 0.24 0.24 0.24 72.11 94.83 94.83 0.78 0.78 0.78 0.86 0.90 0.87 
132 18.5 25.83 25.83 1088.52 1192.14 1192.14 125.50 130.73 130.73 0.24 0.23 0.23 78.56 114.26 114.26 0.81 0.78 0.78 0.88 0.93 0.90 
138 21.33 27.7 27.7 971.83 1253.14 1253.14 121.74 123.55 123.55 0.24 0.24 0.24 87.86 115.80 115.80 0.88 0.86 0.86 0.79 0.98 0.95 
144 23.7 29.7 29.7 1244.70 1300.25 1300.25 122.48 126.42 126.42 0.24 0.23 0.23 98.22 127.05 127.05 0.91 0.88 0.88 1.01 1.01 0.98 
150 25.7 33.7 33.7 1041.64 1286.34 1286.34 120.20 128.93 128.93 0.25 0.23 0.23 104.53 147.02 147.02 0.96 0.90 0.90 0.85 1.00 0.97 
156 28.7 32.8 32.8 1196.93 1236.39 1236.39 32.80 131.41 131.41 0.25 0.22 0.22 113.31 145.85 145.85 1.03 0.92 0.92 0.97 0.96 0.94 
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Superficial gas velocity(cm/s) 
Lactose 45% (400-700,Speed 90) 1
Lactose 45% (400-700,Speed 90) 2
Lactose 45% (400-700,Speed 90) 3
114 
Lactose 45% (700-1000, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1220.58 1254.64 1241.43 136.81 138.65 139.37 0.22 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 1235.80 1245.38 1175.41 136.10 141.36 132.53 0.22 0.21 0.22 0.00 0.00 0.00 0.03 0.03 0.03 1.01 0.99 0.95 
8 0 0 0 1264.23 1282.23 1254.02 141.03 141.38 135.57 0.21 0.21 0.22 0.00 0.00 0.00 0.04 0.04 0.05 1.04 1.02 1.01 
10 0 0 0 1141.89 1217.04 1287.42 135.65 136.95 140.08 0.22 0.22 0.21 0.00 0.00 0.00 0.06 0.06 0.06 0.94 0.97 1.04 
12 0 0 0 1228.89 1434.57 1311.56 139.66 145.62 137.27 0.21 0.20 0.22 0.00 0.00 0.00 0.07 0.06 0.07 1.01 1.14 1.06 
14 0 0 0 1220.23 1333.24 1353.29 138.98 147.45 136.58 0.21 0.20 0.22 0.00 0.00 0.00 0.08 0.07 0.08 1.00 1.06 1.09 
16 0 0 0 1173.06 1239.26 1267.34 129.91 135.30 129.72 0.23 0.22 0.23 0.00 0.00 0.00 0.10 0.09 0.10 0.96 0.99 1.02 
18 0 0 0 1262.28 1283.29 1248.13 135.82 139.38 133.95 0.22 0.21 0.22 0.00 0.00 0.00 0.10 0.10 0.10 1.03 1.02 1.01 
20 0 0 0 1311.77 1293.28 1268.68 142.50 136.60 139.80 0.21 0.22 0.21 0.00 0.00 0.00 0.11 0.11 0.11 1.07 1.03 1.02 
22 0 0 0 1247.38 1285.52 1277.86 142.05 139.92 134.97 0.21 0.21 0.22 0.00 0.00 0.00 0.12 0.12 0.13 1.02 1.02 1.03 
24 2 0 0 1100.68 1305.74 1284.10 123.77 138.80 132.47 0.24 0.21 0.22 8.38 0.00 0.00 0.15 0.13 0.14 0.90 1.04 1.03 
30 2 3 3 1078.20 1025.85 1180.82 126.58 123.82 123.74 0.23 0.24 0.24 8.57 12.57 12.56 0.18 0.19 0.19 0.88 0.82 0.95 
36 2.5 3.5 3.75 1077.73 1039.16 1189.91 125.61 128.27 129.97 0.24 0.23 0.23 10.63 15.19 16.49 0.22 0.22 0.21 0.88 0.83 0.96 
42 2.7 4.2 4.7 984.70 1063.44 1079.28 122.81 123.78 130.83 0.24 0.24 0.23 11.22 17.59 20.81 0.26 0.26 0.25 0.81 0.85 0.87 
48 3.5 5.5 5 1019.34 1201.71 1061.48 121.04 127.93 126.76 0.24 0.23 0.23 14.33 23.81 21.45 0.31 0.29 0.29 0.84 0.96 0.86 
54 3.8 6.3 7.3 1104.40 989.95 1151.90 129.91 125.11 127.36 0.23 0.24 0.23 16.70 26.67 31.46 0.32 0.33 0.33 0.90 0.79 0.93 
60 4 7.5 7.5 1097.42 947.36 1117.41 117.93 124.51 133.69 0.25 0.24 0.22 15.96 31.60 33.93 0.39 0.37 0.35 0.90 0.76 0.90 
66 5 8.5 8 1085.24 959.97 1050.87 121.20 129.08 127.72 0.24 0.23 0.23 20.51 37.13 34.58 0.42 0.39 0.40 0.89 0.77 0.85 
72 5.7 9.2 8.7 1064.34 1024.86 992.03 124.24 123.98 119.84 0.24 0.24 0.25 23.96 38.59 35.28 0.45 0.45 0.46 0.87 0.82 0.80 
78 6.7 10.7 9.7 1053.25 965.32 1027.49 116.52 127.61 127.76 0.25 0.23 0.23 26.42 46.20 41.94 0.52 0.47 0.47 0.86 0.77 0.83 
84 7.5 12 11 1141.54 1017.23 1022.44 128.64 126.48 123.45 0.23 0.23 0.24 32.65 51.36 45.95 0.50 0.51 0.53 0.94 0.81 0.82 
90 8.5 14 13 1210.99 1058.70 935.35 121.41 132.91 113.56 0.24 0.22 0.26 34.92 62.96 49.95 0.57 0.52 0.61 0.99 0.84 0.75 
96 9 16 14 1148.56 997.15 1058.36 134.75 123.63 123.76 0.22 0.24 0.24 41.04 66.93 58.63 0.55 0.60 0.60 0.94 0.79 0.85 
102 10.7 17.7 16.7 1010.44 1073.25 1136.31 115.77 124.62 129.82 0.26 0.24 0.23 41.92 74.64 73.36 0.68 0.63 0.61 0.83 0.86 0.92 
108 11 19 17.5 1273.39 1105.02 1167.79 129.95 125.36 124.48 0.23 0.24 0.24 48.37 80.60 73.71 0.64 0.67 0.67 1.04 0.88 0.94 
114 13.3 21.3 19.8 1004.02 1074.59 1147.10 120.68 123.06 117.97 0.24 0.24 0.25 54.31 88.70 79.04 0.73 0.72 0.75 0.82 0.86 0.92 
120 13.5 24.5 22.5 1116.79 1210.55 1118.75 120.70 130.48 122.66 0.24 0.23 0.24 55.14 108.17 94.42 0.77 0.71 0.76 0.91 0.96 0.90 
126 12.5 26.5 24 1102.32 1077.79 1097.17 125.19 123.84 127.82 0.24 0.24 0.23 52.95 111.05 103.81 0.78 0.79 0.76 0.90 0.86 0.88 
132 14.8 28.3 26.8 1017.47 1029.74 1178.24 128.00 123.72 127.00 0.23 0.24 0.23 64.23 118.60 115.30 0.80 0.82 0.80 0.83 0.82 0.95 
138 17.7 31.7 30.7 1115.08 1153.35 1161.70 130.48 124.62 130.87 0.23 0.24 0.23 78.15 133.67 135.95 0.82 0.86 0.81 0.91 0.92 0.94 
144 17.7 33.7 32.7 1021.08 1096.67 1381.65 121.26 124.99 136.68 0.24 0.24 0.22 72.63 142.53 151.24 0.92 0.89 0.81 0.84 0.87 1.11 
150 19.7 35.7 33.7 969.40 930.86 1167.85 127.36 116.78 115.98 0.23 0.25 0.25 84.90 141.07 132.25 0.91 0.99 1.00 0.79 0.74 0.94 
156 21 38 38 1062.94 1012.23 1109.15 126.89 125.52 129.56 0.23 0.24 0.23 90.17 161.39 166.60 0.95 0.96 0.93 0.87 0.81 0.89 
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Superficial gas velocity(cm/s) 
Lactose 45% (700-1000) 1
Lactose 45% (700-1000) 2
Lactose 45% (700-1000) 3
116 
Lactose 60% (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1373.76 1331.80 1284.39 142.69 139.08 139.42 0.21 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 1.25 1.25 1.25 1298.69 1210.21 1198.89 132.95 136.09 136.31 0.22 0.22 0.22 5.62 5.76 5.77 0.00 0.00 0.00 0.95 0.91 0.93 
8 2.25 2.25 1.75 1321.29 1320.41 1285.87 142.54 133.46 139.23 0.21 0.22 0.21 10.85 10.16 8.24 0.01 0.01 0.01 0.96 0.99 1.00 
10 1.5 2 1.5 1269.06 1203.99 1212.04 142.08 131.61 136.14 0.21 0.22 0.22 7.21 8.91 6.91 0.01 0.01 0.01 0.92 0.90 0.94 
12 1.25 1.25 1.75 1353.60 1153.46 1221.39 133.21 132.02 135.66 0.22 0.22 0.22 5.63 5.58 8.03 0.01 0.01 0.01 0.99 0.87 0.95 
14 0 1 1 1268.98 1272.30 1226.44 137.70 136.42 135.79 0.21 0.22 0.22 0.00 4.62 4.59 0.02 0.02 0.02 0.92 0.96 0.95 
16 0.5 1.5 2 1313.98 1271.42 1225.73 136.86 135.39 139.17 0.22 0.22 0.21 2.32 6.87 9.42 0.02 0.02 0.01 0.96 0.95 0.95 
18 0.5 0 0 1288.69 1201.03 1180.11 136.81 129.80 134.16 0.22 0.23 0.22 2.31 0.00 0.00 0.02 0.03 0.03 0.94 0.90 0.92 
20 0 1.25 0.75 1257.99 1119.45 1236.99 132.59 133.39 137.10 0.22 0.22 0.22 0.00 5.64 3.48 0.03 0.03 0.03 0.92 0.84 0.96 
22 0.25 1.25 1.25 1375.28 1213.09 1241.62 137.71 138.82 136.80 0.21 0.21 0.22 1.16 5.87 5.79 0.03 0.03 0.03 1.00 0.91 0.97 
24 0.75 0.75 2.5 1343.54 1187.76 1074.74 133.60 128.79 131.83 0.22 0.23 0.22 3.39 3.27 11.15 0.03 0.04 0.03 0.98 0.89 0.84 
30 4.25 4 4 1095.59 1100.55 1141.95 123.48 130.10 128.14 0.24 0.23 0.23 17.76 17.61 17.34 0.05 0.04 0.05 0.80 0.83 0.89 
36 6 5.5 5 1102.56 1134.30 1032.08 132.44 131.61 125.70 0.22 0.22 0.24 26.89 24.49 21.27 0.06 0.06 0.06 0.80 0.85 0.80 
42 5 4.5 4.5 1140.50 1119.84 1128.48 128.97 129.04 124.57 0.23 0.23 0.24 21.82 19.65 18.97 0.08 0.07 0.08 0.83 0.84 0.88 
48 8 8 8 1217.24 1135.90 1116.95 127.14 127.43 129.86 0.23 0.23 0.23 34.42 34.50 35.15 0.09 0.09 0.09 0.89 0.85 0.87 
54 9 9 8.5 1074.23 1094.81 1042.91 119.85 127.18 127.09 0.25 0.23 0.23 36.50 38.73 36.55 0.12 0.11 0.11 0.78 0.82 0.81 
60 12 11.5 11 1170.58 1054.71 1074.15 128.84 128.29 123.07 0.23 0.23 0.24 52.32 49.92 45.81 0.13 0.13 0.13 0.85 0.79 0.84 
66 14.5 13.5 13 1109.20 1175.52 1178.51 123.95 129.03 124.92 0.24 0.23 0.24 60.82 58.94 54.95 0.17 0.15 0.15 0.81 0.88 0.92 
72 15.5 15 15 1062.46 1109.08 1049.36 125.32 129.40 124.47 0.24 0.23 0.24 66.79 65.68 63.18 0.18 0.17 0.18 0.77 0.83 0.82 
78 17 16.5 16 1194.33 1105.54 1155.62 130.21 131.73 124.42 0.23 0.22 0.24 74.90 73.55 67.36 0.20 0.20 0.20 0.87 0.83 0.90 
84 16.5 20.5 19.5 1182.22 1079.12 1043.92 126.03 118.65 130.20 0.23 0.25 0.23 70.37 82.30 85.91 0.21 0.25 0.22 0.86 0.81 0.81 
90 18.5 24 22.5 1118.83 1110.77 1040.51 124.38 124.54 129.09 0.24 0.24 0.23 77.86 101.14 98.28 0.25 0.28 0.26 0.81 0.83 0.81 
96 16 25.5 24.5 1203.28 1204.70 1126.60 127.34 127.92 128.77 0.23 0.23 0.23 68.94 110.38 106.75 0.24 0.30 0.29 0.88 0.90 0.88 
102 18 28.5 28.5 1072.21 1215.61 1079.99 128.64 127.91 129.93 0.23 0.23 0.23 78.35 123.35 125.30 0.27 0.33 0.33 0.78 0.91 0.84 
108 20 29.5 28.5 1087.51 1130.13 1137.72 124.86 129.31 129.63 0.24 0.23 0.23 84.50 129.08 125.02 0.31 0.36 0.35 0.79 0.85 0.89 
114 22 27.5 31 1030.05 1152.47 1161.96 125.42 128.45 118.50 0.24 0.23 0.25 93.37 131.21 124.30 0.34 0.37 0.42 0.75 0.88 0.90 
120 22.5 33 29 1123.27 1198.43 1265.98 127.36 128.36 125.86 0.23 0.23 0.23 96.96 143.33 123.50 0.37 0.40 0.41 0.82 0.90 0.99 
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118 
Lactose 80% (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 1035.12 1083.48 1043.02 130.54 130.27 129.15 0.23 0.23 0.23 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0.25 0 989.71 1042.15 1073.38 125.47 127.93 132.37 0.24 0.23 0.22 0.00 1.08 0.00 0.04 0.04 0.03 0.96 0.96 1.03 
8 0 0 0 1019.01 1098.45 1061.88 121.03 127.03 122.09 0.24 0.23 0.24 0.00 0.00 0.00 0.05 0.05 0.05 0.98 1.01 1.02 
10 0 1.5 0 1053.43 1065.03 1010.41 125.86 130.40 123.01 0.23 0.23 0.24 0.00 6.62 0.00 0.06 0.06 0.06 1.02 0.98 0.97 
12 0 0 0 1027.36 1077.11 956.86 127.32 130.60 125.30 0.23 0.23 0.24 0.00 0.00 0.00 0.07 0.07 0.07 0.99 0.99 0.92 
14 0.5 0.5 0 1033.82 976.77 1014.31 121.31 121.48 124.05 0.24 0.24 0.24 2.05 2.06 0.00 0.09 0.09 0.09 1.00 0.90 0.97 
16 0.5 0.5 1 1014.09 1071.82 1060.88 126.47 127.38 124.14 0.23 0.23 0.24 2.14 2.16 4.20 0.10 0.10 0.10 0.98 0.99 1.02 
18 1.5 1 1.5 1038.30 1061.20 1029.06 124.24 125.84 124.15 0.24 0.23 0.24 6.31 4.26 6.30 0.11 0.11 0.11 1.00 0.98 0.99 
20 1.25 1.25 0.75 1042.73 1122.32 1037.29 124.77 131.12 125.93 0.24 0.23 0.23 5.28 5.55 3.20 0.12 0.12 0.12 1.01 1.04 0.99 
22 0.75 0.75 0.75 974.16 988.27 1013.69 128.98 129.09 123.61 0.23 0.23 0.24 3.27 3.28 3.14 0.13 0.13 0.14 0.94 0.91 0.97 
24 1.25 1 0.5 1033.56 1027.10 1106.62 123.38 123.26 127.86 0.24 0.24 0.23 5.22 4.17 2.16 0.15 0.15 0.14 1.00 0.95 1.06 
30 1.5 1.5 2 985.68 1006.16 1027.66 125.94 125.08 126.91 0.23 0.24 0.23 6.39 6.35 8.59 0.18 0.19 0.18 0.95 0.93 0.99 
36 2 2 2 1023.49 1058.72 1038.65 124.07 128.56 126.37 0.24 0.23 0.23 8.40 8.70 8.55 0.22 0.22 0.22 0.99 0.98 1.00 
42 0 0 0.5 1057.16 1047.87 1006.27 129.57 128.74 124.91 0.23 0.23 0.24 0.00 0.00 2.11 0.25 0.25 0.26 1.02 0.97 0.96 
48 2.5 2.5 2.5 997.62 1052.28 1053.23 120.92 126.88 129.43 0.24 0.23 0.23 10.23 10.73 10.95 0.31 0.29 0.29 0.96 0.97 1.01 
54 2 2.5 2.5 1014.80 1058.01 1120.59 128.55 127.47 129.08 0.23 0.23 0.23 8.70 10.78 10.92 0.32 0.33 0.32 0.98 0.98 1.07 
60 3.5 3.5 3.5 1006.13 1053.34 1038.77 126.12 130.33 127.40 0.23 0.23 0.23 14.94 15.44 15.09 0.37 0.36 0.36 0.97 0.97 1.00 
66 5 4.5 4 1046.41 1073.50 1055.73 128.98 121.55 128.59 0.23 0.24 0.23 21.82 18.51 17.40 0.40 0.42 0.40 1.01 0.99 1.01 
72 5.5 5.5 4.5 1138.32 1048.60 1045.14 129.59 129.31 126.49 0.23 0.23 0.23 24.12 24.07 19.26 0.43 0.43 0.44 1.10 0.97 1.00 
78 5.5 4.5 4.5 1132.83 1085.11 1067.23 132.02 125.14 131.22 0.22 0.24 0.23 24.57 19.05 19.98 0.46 0.48 0.46 1.09 1.00 1.02 
84 6.5 6 5.5 1072.20 1127.40 1066.59 125.05 129.81 126.94 0.24 0.23 0.23 27.50 26.35 23.62 0.52 0.50 0.51 1.04 1.04 1.02 
90 7.5 7 6 1069.07 1093.13 1146.92 128.77 125.71 126.87 0.23 0.24 0.23 32.68 29.78 25.76 0.54 0.55 0.55 1.03 1.01 1.10 
96 7 6.5 6 1129.06 1012.55 1135.42 137.76 122.99 127.63 0.21 0.24 0.23 32.63 27.05 25.91 0.54 0.60 0.58 1.09 0.93 1.09 
102 8.5 8.5 7 1193.81 1116.06 1163.00 134.64 121.71 134.34 0.22 0.24 0.22 38.73 35.01 31.82 0.58 0.65 0.59 1.15 1.03 1.12 
108 8.5 8.5 7 1199.86 1211.83 1213.17 138.05 135.41 128.07 0.21 0.22 0.23 39.71 38.95 30.33 0.60 0.62 0.65 1.16 1.12 1.16 
114 10.5 9.5 10.5 1390.22 1123.89 1166.64 130.09 132.08 129.55 0.23 0.22 0.23 46.22 42.46 46.03 0.68 0.67 0.68 1.34 1.04 1.12 
120 11.5 10.5 9 1360.95 1143.96 1219.64 128.92 135.20 136.40 0.23 0.22 0.22 50.17 48.04 41.54 0.72 0.69 0.68 1.31 1.06 1.17 
126 12.5 12.5 9 1450.60 1148.74 1189.40 133.96 126.84 134.94 0.22 0.23 0.22 56.66 53.65 41.09 0.73 0.77 0.72 1.40 1.06 1.14 
132 12 11 9.5 1308.82 1348.62 1207.35 129.97 140.44 127.78 0.23 0.21 0.23 52.78 52.27 41.08 0.78 0.73 0.80 1.26 1.24 1.16 
138 7 7.5 5.5 1360.65 1438.93 1125.93 136.64 136.80 129.42 0.22 0.22 0.23 32.36 34.72 24.09 0.78 0.78 0.82 1.31 1.33 1.08 
144 6 6 2 1483.12 1342.58 1308.42 146.00 140.43 128.13 0.20 0.21 0.23 29.64 28.51 8.67 0.76 0.79 0.87 1.43 1.24 1.25 
150 6 6 3 1526.06 1488.26 1388.23 140.61 144.35 142.65 0.21 0.20 0.21 28.55 29.31 14.48 0.82 0.80 0.81 1.47 1.37 1.33 
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120 
MCC pellets (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 800.00 793.09 893.07 118.26 117.11 120.14 0.25 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 843.53 832.31 908.24 109.40 118.41 113.13 0.25 0.26 0.27 0.00 0.00 0.00 0.04 0.04 0.04 1.05 1.05 1.02 
8 0 0 0 855.07 869.31 926.89 118.34 122.41 119.81 0.24 0.25 0.25 0.00 0.00 0.00 0.05 0.05 0.05 1.07 1.10 1.04 
10 0 0 0 751.69 878.13 847.20 111.95 118.60 114.52 0.25 0.26 0.26 0.00 0.00 0.00 0.07 0.07 0.07 0.94 1.11 0.95 
12 0 0 0 826.25 868.63 866.30 115.71 114.66 115.15 0.26 0.26 0.26 0.00 0.00 0.00 0.08 0.08 0.08 1.03 1.10 0.97 
14 0 0 0 841.92 839.55 859.29 115.03 111.01 116.20 0.27 0.25 0.26 0.00 0.00 0.00 0.09 0.10 0.09 1.05 1.06 0.96 
16 0 0 0 968.12 810.94 840.32 114.20 116.22 112.89 0.25 0.26 0.26 0.00 0.00 0.00 0.11 0.11 0.11 1.21 1.02 0.94 
18 0 0 0 874.42 856.05 808.03 111.85 115.43 112.03 0.26 0.26 0.26 0.00 0.00 0.00 0.12 0.12 0.12 1.09 1.08 0.90 
20 0 0 0 841.26 880.62 820.00 112.07 118.27 118.13 0.25 0.25 0.26 0.00 0.00 0.00 0.14 0.13 0.13 1.05 1.11 0.92 
22 0.75 0.75 0 831.34 877.77 856.12 120.26 112.77 110.90 0.26 0.27 0.25 3.05 2.86 0.00 0.14 0.15 0.15 1.04 1.11 0.96 
24 0 2 0.25 963.72 977.65 860.65 118.54 122.15 113.29 0.24 0.26 0.25 0.00 8.27 0.96 0.16 0.15 0.16 1.20 1.23 0.96 
30 0.5 3 3 947.87 949.68 936.03 122.46 125.63 121.47 0.24 0.24 0.24 2.07 12.75 12.33 0.19 0.18 0.19 1.18 1.20 1.05 
36 1.5 3.5 3.5 972.90 941.89 942.85 128.37 125.04 129.55 0.24 0.23 0.23 6.52 14.81 15.34 0.22 0.22 0.21 1.22 1.19 1.06 
42 2.2 4.7 4.7 1011.74 978.35 969.89 122.05 123.63 129.89 0.24 0.23 0.24 9.09 19.66 20.66 0.27 0.26 0.25 1.26 1.23 1.09 
48 3.5 5 5.5 977.37 984.42 985.78 122.69 124.51 123.76 0.24 0.24 0.24 14.53 21.07 23.03 0.30 0.30 0.30 1.22 1.24 1.10 
54 3.8 6.3 6.3 991.53 977.42 987.56 127.40 120.90 130.26 0.24 0.23 0.23 16.38 25.77 27.77 0.33 0.34 0.32 1.24 1.23 1.11 
60 5.5 7.5 7.5 934.15 1008.68 973.44 126.13 124.32 122.93 0.24 0.24 0.23 23.47 31.55 31.20 0.37 0.37 0.38 1.17 1.27 1.09 
66 6.5 8.5 8 944.35 1042.30 893.73 119.76 131.70 125.03 0.22 0.24 0.25 26.34 37.88 33.84 0.43 0.39 0.41 1.18 1.31 1.00 
72 8.2 10.2 9.2 985.02 1110.45 1009.68 124.65 130.42 122.60 0.23 0.24 0.24 34.59 45.02 38.17 0.45 0.43 0.45 1.23 1.40 1.13 
78 9.2 11.2 10.2 997.40 1026.58 970.22 133.45 132.14 130.19 0.22 0.23 0.22 41.55 50.08 44.94 0.45 0.46 0.46 1.25 1.29 1.09 
84 11 13 12.5 1001.86 1083.42 953.61 118.85 138.34 124.27 0.21 0.24 0.25 44.24 60.85 52.56 0.55 0.47 0.52 1.25 1.37 1.07 
90 12.5 14.5 15 960.94 1036.25 1029.17 126.32 136.75 128.99 0.22 0.23 0.23 53.43 67.09 65.47 0.55 0.51 0.54 1.20 1.31 1.15 
96 14 16 17 1000.29 1061.64 1042.54 125.36 132.60 131.12 0.22 0.23 0.24 59.39 71.79 75.42 0.59 0.56 0.57 1.25 1.34 1.17 
102 17.2 18.7 18.7 1058.23 1119.12 969.46 129.20 131.40 125.36 0.22 0.24 0.23 75.20 83.15 79.33 0.61 0.60 0.63 1.32 1.41 1.09 
108 18 20.5 20.5 1131.41 1135.69 954.41 130.88 133.38 127.65 0.22 0.23 0.23 79.71 92.52 88.55 0.64 0.63 0.65 1.41 1.43 1.07 
114 21.3 23.3 23.8 1041.14 1433.40 1426.86 123.51 128.48 128.79 0.23 0.23 0.24 89.02 101.29 103.72 0.71 0.69 0.68 1.30 1.81 1.60 
120 24 25.5 26 1105.78 1139.19 1146.63 127.44 124.96 134.34 0.24 0.22 0.23 103.50 107.82 118.19 0.73 0.74 0.69 1.38 1.44 1.28 
126 26.5 28 29 1164.52 1106.89 1064.98 132.62 130.53 127.44 0.23 0.23 0.22 118.92 123.67 125.06 0.73 0.75 0.76 1.46 1.40 1.19 
132 29.8 30.8 31.8 825.37 1049.61 1160.10 120.51 129.14 132.28 0.23 0.22 0.25 121.64 134.72 142.48 0.85 0.79 0.77 1.03 1.32 1.30 
138 33.2 35.7 35.7 1009.46 1264.95 1161.69 123.14 140.15 126.58 0.21 0.23 0.24 138.33 169.30 152.91 0.87 0.76 0.84 1.26 1.59 1.30 
144 34.7 35.7 36.7 1115.04 1183.50 1182.81 126.54 131.00 133.29 0.23 0.22 0.23 148.58 158.25 165.52 0.88 0.85 0.83 1.39 1.49 1.32 
150 36.7 39.7 39.7 1072.42 1182.27 1356.34 139.53 127.25 128.76 0.23 0.23 0.21 173.28 170.94 172.97 0.83 0.91 0.90 1.34 1.49 1.52 
156 40 40 40 1267.73 1202.28 1256.22 132.67 131.77 130.50 0.22 0.23 0.22 179.57 178.35 176.64 0.91 0.91 0.92 1.58 1.52 1.41 
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Superficial gas velocity(cm/s) 
MCC pellets 1
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122 
Ginseng 45% (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  Inch of Water  Cm/S  
0 0 0 0 835.06 836.25 805.42 116.03 113.52 105.28 0.25 0.26 0.28 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0.25 0 733.68 823.10 708.12 114.08 110.84 109.57 0.26 0.27 0.27 0.00 0.94 0.00 0.04 0.04 0.04 0.88 0.98 0.88 
8 0.25 0 0.75 768.31 718.94 802.70 112.03 109.60 111.44 0.26 0.27 0.27 0.95 0.00 2.83 0.06 0.06 0.06 0.92 0.86 1.00 
10 0.5 0 0 887.11 806.11 762.67 113.55 110.13 111.85 0.26 0.27 0.26 1.92 0.00 0.00 0.07 0.07 0.07 1.06 0.96 0.95 
12 0.25 0.25 0.25 813.51 762.24 718.82 116.27 101.05 113.82 0.25 0.29 0.26 0.98 0.85 0.96 0.08 0.09 0.08 0.97 0.91 0.89 
14 0 0 1 758.11 770.71 715.79 110.33 107.40 106.48 0.27 0.28 0.28 0.00 0.00 3.60 0.10 0.10 0.10 0.91 0.92 0.89 
16 0 0 0 764.86 772.85 750.63 111.41 110.48 111.09 0.27 0.27 0.27 0.00 0.00 0.00 0.11 0.11 0.11 0.92 0.92 0.93 
18 0 1 2.5 789.31 746.69 777.41 114.57 112.49 108.16 0.26 0.26 0.27 0.00 3.81 9.15 0.12 0.12 0.13 0.95 0.89 0.97 
20 0 0.25 0.75 719.63 792.03 747.41 108.81 106.53 110.31 0.27 0.28 0.27 0.00 0.90 2.80 0.14 0.14 0.14 0.86 0.95 0.93 
22 0 0.25 0.25 800.04 828.57 751.23 113.22 110.66 107.50 0.26 0.27 0.27 0.00 0.94 0.91 0.15 0.15 0.16 0.96 0.99 0.93 
24 1.25 2.5 2 733.04 990.25 929.36 107.28 127.68 124.67 0.28 0.23 0.24 4.54 10.80 8.44 0.17 0.15 0.15 0.88 1.18 1.15 
30 3 3.5 3 957.76 878.23 881.72 122.67 121.15 121.92 0.24 0.24 0.24 12.45 14.35 12.38 0.19 0.19 0.19 1.15 1.05 1.09 
36 4 4 3.5 936.55 948.62 972.09 123.28 121.22 120.40 0.24 0.24 0.25 16.69 16.41 14.26 0.23 0.23 0.23 1.12 1.13 1.21 
42 4.7 4.2 3.7 922.18 965.68 872.30 128.06 122.24 120.57 0.23 0.24 0.25 20.37 17.37 15.10 0.25 0.27 0.27 1.10 1.15 1.08 
48 6 4.5 5 933.41 930.64 974.93 127.12 123.34 122.89 0.23 0.24 0.24 25.81 18.78 20.79 0.29 0.30 0.30 1.12 1.11 1.21 
54 7.3 6.3 6.3 971.11 931.32 886.65 128.39 123.54 127.39 0.23 0.24 0.23 31.71 26.34 27.16 0.32 0.34 0.33 1.16 1.11 1.10 
60 8 8.5 7 958.20 955.78 893.69 126.14 122.04 123.56 0.23 0.24 0.24 34.15 35.10 29.27 0.37 0.38 0.37 1.15 1.14 1.11 
66 9 9 8.5 998.93 924.71 954.43 130.43 122.06 125.83 0.20 0.19 0.18 45.32 48.43 46.98 0.39 0.42 0.41 1.07 0.96 1.01 
72 10.7 11.2 10.2 983.07 964.93 938.12 131.01 124.52 128.14 0.24 47.4 0.22 45.12 0.24 46.13 0.42 0.45 0.43 1.05 1.00 0.99 
78 12.2 11.7 11.2 962.82 947.51 882.48 130.26 122.61 125.13 0.27 48.2 0.24 45.38 0.24 47.24 0.46 0.49 0.48 1.03 0.98 0.93 
84 14.5 13 13 1001.14 975.24 944.73 126.87 129.80 130.19 0.31 45.5 0.29 46.59 0.29 45.40 0.51 0.50 0.50 1.07 1.01 1.00 
90 15 12.5 14.7 1003.82 1020.81 1033.15 129.07 132.96 129.95 0.33 44.4 0.32 45.79 0.28 45.48 0.54 0.52 0.53 1.07 1.06 1.09 
96 15.5 14.5 16.5 1006.15 1046.56 956.25 130.12 125.75 128.28 0.34 47.0 0.36 45.43 0.31 46.08 0.57 0.59 0.58 1.07 1.08 1.01 
102 17.2 16.2 21.7 1025.34 958.21 986.32 129.58 127.27 123.41 0.38 46.4 0.45 45.62 0.35 47.89 0.61 0.62 0.64 1.10 0.99 1.04 
108 19.5 19 23.2 1003.23 986.64 970.90 127.18 127.23 130.69 0.42 46.4 0.51 46.48 0.41 45.23 0.66 0.66 0.64 1.07 1.02 1.03 
114 22.8 21.8 25.3 1003.23 975.82 957.82 127.18 122.23 130.45 0.49 48.3 0.56 46.48 0.45 45.31 0.69 0.72 0.67 1.07 1.01 1.01 
120 23 24 29 993.40 1010.16 1119.00 129.97 127.08 128.22 0.51 46. 0.63 45.48 0.52 46.10 0.71 0.73 0.72 1.06 1.05 1.18 
126 24 27.5 33.2 1025.41 1017.84 1143.23 126.34 128.38 137.22 0.51 46.0 0.77 46.78 0.60 43.08 0.77 0.76 0.71 1.10 1.05 1.21 
132 26.8 30.8 35.8 937.14 1040.16 986.83 123.01 126.70 134.22 0.56 46.6 0.81 48.05 0.66 44.04 0.83 0.80 0.76 1.00 1.08 1.04 
138 29.7 34.7 38.7 964.26 984.72 1283.12 121.91 125.82 134.99 0.61 46.9 0.88 48.48 0.74 43.79 0.87 0.85 0.79 1.03 1.02 1.36 
144 33.7 35.7 40.7 1129.45 1018.94 1067.49 131.72 125.08 123.70 0.75 47.2 0.85 44.87 0.76 47.78 0.84 0.89 0.90 1.21 1.05 1.13 
150 34.7 39.7 41.7 1135.15 1107.53 1198.56  126.38 123.98 136.88 0.74 47.6 0.97 46.77 0.83 43.18 0.92 0.93 0.85 1.21 1.15 1.00 
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124 
Ginseng 80% (400-700, 11 R.P.M) 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  inch of water  cm/s  
0 0 0 0 837.77 995.62 1027.36 120.83 117.75 116.12 0.24 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0 0 993.07 1110.62 1092.92 126.44 131.86 123.49 0.23 0.22 0.24 0.00 0.00 0.00 0.04 0.04 0.04 1.19 1.12 1.06 
8 0 0 0 1023.01 979.97 1084.68 124.40 128.90 131.48 0.24 0.23 0.22 0.00 0.00 0.00 0.05 0.05 0.05 1.22 0.98 1.06 
10 0 0 0 1092.85 1130.61 1142.95 121.26 127.38 128.89 0.24 0.23 0.23 0.00 0.00 0.00 0.06 0.06 0.06 1.30 1.14 1.11 
12 0 0 0.75 1064.33 1100.00 1082.62 128.04 125.01 133.54 0.23 0.24 0.22 0.00 0.00 3.39 0.07 0.07 0.07 1.27 1.10 1.05 
14 0 0 0 1055.44 1090.58 1098.77 127.03 122.03 133.65 0.23 0.24 0.22 0.00 0.00 0.00 0.09 0.09 0.08 1.26 1.10 1.07 
16 0 0 0 1086.93 1127.79 1197.68 124.41 131.94 130.81 0.24 0.22 0.23 0.00 0.00 0.00 0.10 0.09 0.09 1.30 1.13 1.17 
18 0.5 0 1 1079.59 1103.98 1153.83 123.76 128.58 129.70 0.24 0.23 0.23 2.09 0.00 4.39 0.11 0.11 0.11 1.29 1.11 1.12 
20 0 0 0 1067.78 1123.57 1056.19 128.14 125.42 123.48 0.23 0.24 0.24 0.00 0.00 0.00 0.12 0.12 0.13 1.27 1.13 1.03 
22 0 0.75 1.25 1050.20 1000.59 1990.28 124.81 117.14 130.98 0.24 0.25 0.23 0.00 2.97 5.54 0.14 0.15 0.13 1.25 1.00 1.94 
24 3.5 3.5 1.25 1128.39 1061.45 1133.23 126.49 133.86 125.33 0.23 0.22 0.24 14.98 15.85 5.30 0.15 0.14 0.15 1.35 1.07 1.10 
30 4.5 4.5 4 1060.35 1025.99 1030.30 128.68 126.98 124.15 0.23 0.23 0.24 19.59 19.34 16.80 0.18 0.18 0.19 1.27 1.03 1.00 
36 5.5 6 4.7 1094.25 925.03 999.74 125.33 125.53 126.69 0.24 0.24 0.23 23.32 25.49 20.15 0.22 0.22 0.22 1.31 0.93 0.97 
42 6.7 5.7 6.5 1018.20 969.43 1045.82 121.34 124.05 129.97 0.24 0.24 0.23 27.51 23.93 28.59 0.27 0.26 0.25 1.22 0.97 1.02 
48 10.5 6.25 5.8 1010.00 1009.48 1010.08 120.00 126.16 126.05 0.25 0.23 0.23 42.64 26.68 24.74 0.31 0.29 0.29 1.21 1.01 0.98 
54 13.8 8.3 7 1104.35 969.94 1012.90 126.98 129.07 126.51 0.23 0.23 0.23 59.29 36.25 29.97 0.33 0.32 0.33 1.32 0.97 0.99 
60 16 10.5 10.7 992.73 978.50 1022.38 123.87 119.60 123.43 0.24 0.25 0.24 67.06 42.49 44.69 0.37 0.39 0.38 1.18 0.98 1.00 
66 17.5 11.5 15.7 1014.89 1042.19 987.59 122.66 126.25 124.51 0.24 0.23 0.24 69.45 49.13 66.14 0.41 0.40 0.41 1.2 1.05 0.96 
72 18.5 13.2 18 1022.81 984.10 963.61 121.75 124.96 126.49 0.24 0.24 0.23 76.21 55.81 77.04 0.46 0.44 0.44 1.22 0.99 0.94 
78 24.2 16.2 21 1059.55 1007.96 1028.59 124.84 128.61 125.40 0.24 0.23 0.24 102.23 70.50 89.11 0.48 0.47 0.48 1.26 1.01 1.00 
84 35 18.5 25 1071.61 1024.04 1038.39 126.30 130.11 127.13 0.23 0.23 0.23 149.58 81.45 107.55 0.51 0.50 0.51 1.28 1.03 1.01 
90 31 21 27.7 1043.29 1035.99 1021.34 127.38 130.80 127.60 0.23 0.23 0.23 133.61 92.94 119.60 0.55 0.53 0.54 1.25 1.04 0.99 
96 37 24.5 31 1117.64 997.85 989.43 131.81 125.56 124.00 0.22 0.24 0.24 165.02 104.10 130.07 0.56 0.59 0.60 1.33 1.00 0.96 
102 35.8 28.7 33.8 1201.09 1020.42 1056.99 126.63 128.80 126.36 0.23 0.23 0.23 153.40 125.08 144.52 0.62 0.61 0.62 1.43 1.02 1.03 
108 40 31 39.5 973.03 979.81 1035.37 129.12 122.47 129.91 0.23 0.24 0.23 174.77 128.47 173.64 0.65 0.68 0.64 1.16 0.98 1.01 
114 42.5 35.8 41.5 965.34 1036.00 1154.88 128.93 129.24 139.15 0.23 0.23 0.21 185.41 156.56 195.40 0.68 0.68 0.63 1.15 1.04 1.12 
120 44.8 40 44.8 1092.95 1057.83 1320.94 138.08 137.65 133.98 0.21 0.21 0.22 209.46 186.31 203.24 0.67 0.67 0.69 1.30 1.06 1.29 
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Ginseng Powder 11 R.P.M 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  inch of water  cm/s  
0 0 0 0 1184.551 1300 1234.802 141.6903 137.7402 127.5507 0.21 0.21 0.23 0 0 0 0 0 0 1 1 1 
6 0 0 0 1432.035 1340.67 1339.009 145.0558 140.9594 145.5092 0.2 0.21 0.2 0 0 0 0.03 0.03 0.03 1.21 1.03 1.08 
8 0 0 0 1458.442 1515.911 1457.339 139.2978 146.0775 142.708 0.21 0.2 0.21 0 0 0 0.04 0.04 0.04 1.23 1.17 1.18 
10 0 0 0 1535.656 1512.275 1460.559 150.6885 148.4285 142.0127 0.2 0.2 0.21 0 0 0 0.05 0.05 0.05 1.3 1.16 1.18 
12 0.75 0.25 0 1525.113 1544.719 1431.082 147.0769 147.3077 143.503 0.2 0.2 0.21 3.73 1.25 0 0.06 0.06 0.06 1.29 1.19 1.16 
14 0.5 0 0 1631.459 1589.748 1432.489 148.9342 148.1092 139.0884 0.2 0.2 0.21 2.52 0 0 0.07 0.07 0.08 1.38 1.22 1.16 
16 0 3 0 1547.27 1525.964 1485.027 147.8625 140.7173 141.9449 0.2 0.21 0.21 0 14.28 0 0.08 0.09 0.09 1.31 1.17 1.2 
18 2 0.5 0 1557.217 1460.472 1484.472 137.6572 143.6277 141.6607 0.21 0.21 0.21 9.32 2.43 0 0.1 0.1 0.1 1.31 1.12 1.2 
20 1.25 0.25 0 1517.501 1603.645 1482.838 147.3735 147.0609 141.2658 0.2 0.2 0.21 6.23 1.24 0 0.1 0.11 0.11 1.28 1.23 1.2 
22 0.75 1.25 0 1630.414 1593.163 1459.082 152.6932 135.0922 145.1652 0.19 0.22 0.2 3.88 5.71 0 0.11 0.13 0.12 1.38 1.23 1.18 
24 4 4.5 4.5 1483.128 1434.771 1151.462 151.7632 139.4627 131.4695 0.19 0.21 0.22 20.54 21.24 20.02 0.12 0.13 0.14 1.25 1.1 0.93 
30 6 5.5 6 1475.68 1299.669 1051.755 138.4184 139.1865 133.3829 0.21 0.21 0.22 28.1 25.9 27.08 0.17 0.17 0.17 1.25 1 0.85 
36 6.5 7 7.5 1447.959 1297.84 1240.155 132.8775 140.1472 135.1875 0.22 0.21 0.22 29.23 33.2 34.31 0.21 0.2 0.21 1.22 1 1 
42 7.7 8.2 8.7 1447.707 1158.879 1217.928 132.541 140.6062 127.6825 0.22 0.21 0.23 34.53 39.01 37.59 0.24 0.23 0.25 1.22 0.89 0.99 
48 9.5 9.5 8 1370.286 1337.388 1423.639 134.4832 142.6548 140.6085 0.22 0.21 0.21 43.23 45.86 38.06 0.28 0.26 0.26 1.16 1.03 1.15 
54 10.8 11.3 12.3 1413.107 1223.651 1715.159 131.2714 143.0993 168.0532 0.23 0.21 0.18 47.97 54.72 69.94 0.32 0.29 0.25 1.19 0.94 1.39 
60 13 13.5 14.5 1406.677 1247.859 1486.46 136.5778 130.0192 148.0835 0.22 0.23 0.2 60.08 59.39 72.66 0.34 0.36 0.31 1.19 0.96 1.2 
66 15 15 15.5 1347.328 1563.199 1319.132 131.5563 151.559 131.9148 0.22 0.19 0.22 66.77 76.93 69.19 0.39 0.34 0.39 1.14 1.2 1.07 
72 17.2 17.2 16.7 1368.156 1242.682 1437.456 136.705 129.8282 135.1137 0.22 0.23 0.22 79.56 75.56 76.35 0.41 0.43 0.41 1.15 0.96 1.16 
78 18.7 19.2 19.7 1457.814 1450.81 1319.483 137.0376 133.3975 138.3777 0.22 0.22 0.21 86.71 86.67 92.24 0.44 0.45 0.44 1.23 1.12 1.07 
84 22.5 21 22 1396.234 1252.971 1467.367 129.1908 143.2178 152.172 0.23 0.21 0.19 98.36 101.77 113.28 0.5 0.45 0.43 1.18 0.96 1.19 
90 25 29 25 1353.079 1702.469 1454.589 135.1995 159.6392 157.8064 0.22 0.19 0.19 114.37 156.65 133.49 0.51 0.44 0.44 1.14 1.31 1.18 
96 27.5 32.5 28 1521.023 1274.628 1439.443 144.3899 131.3512 121.4039 0.2 0.22 0.24 134.36 144.45 115.02 0.51 0.56 0.61 1.28 0.98 1.17 
102 31.7 35.2 31.2 1410.633 1258.858 1515.233 138.8629 124.5129 148.2124 0.21 0.24 0.2 148.95 148.31 156.47 0.57 0.63 0.53 1.19 0.97 1.23 
108 34.5 39 34 1893.316 1211.255 1558.93 151.7102 126.7795 141.4311 0.19 0.23 0.21 177.11 167.31 162.71 0.55 0.66 0.59 1.6 0.93 1.26 
114 38.3 43.3 38.3 1298.455 1255.671 1498.616 143.4437 126.9732 139.208 0.21 0.23 0.21 185.9 186.04 180.41 0.61 0.69 0.63 1.1 0.97 1.21 
120 41 44 41.5 1878.439 1289.336 1276.341 153.7234 134.2691 130.7123 0.19 0.22 0.23 213.27 199.91 183.55 0.6 0.69 0.71 1.59 0.99 1.03 
126 43.5 46.5 43.5 1903.405 1210.52 1414.444 163.4804 123.4584 144.8981 0.18 0.24 0.2 240.63 194.26 213.28 0.6 0.79 0.67 1.61 0.93 1.15 
132 46.8 46.8 46.8 2075.55 1296.541 1284.729 181.1228 142.5526 142.6864 0.16 0.21 0.21 287.01 225.89 226.1 0.56 0.71 0.71 1.75 1 1.04 
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Lactose Powder 11 R.P.M 
Flow Δp(real) Area Angle Δp=mg/A Δpn velocity bed expansion ratio 
SCFH inch of water mm2  inch of water  cm/s  
0 0 0 0 1303.35 1760.83 1771.76 130.46 140.75 146.29 0.23 0.21 0.20 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
6 0 0.75 0.25 1403.69 1537.26 1505.65 146.43 136.57 152.89 0.20 0.22 0.19 0.00 3.47 1.29 0.03 0.03 0.03 1.08 0.87 0.85 
8 0 0 0.25 1528.99 1735.93 1826.82 148.84 154.17 176.42 0.20 0.19 0.17 0.00 0.00 1.49 0.04 0.04 0.04 1.17 0.99 1.03 
10 0 0 0 1563.91 1656.42 1617.03 145.55 152.40 152.23 0.20 0.19 0.19 0.00 0.00 0.00 0.05 0.05 0.05 1.20 0.94 0.91 
12 0 0 0.75 1581.60 1691.09 1740.40 156.20 157.41 159.09 0.19 0.19 0.19 0.00 0.00 4.04 0.06 0.06 0.06 1.21 0.96 0.98 
14 0 0 2.5 1657.51 1727.48 1668.20 158.33 154.37 154.67 0.19 0.19 0.19 0.00 0.00 13.08 0.07 0.07 0.07 1.27 0.98 0.94 
16 0 1 1.5 1764.22 1770.18 1748.49 150.29 143.79 155.39 0.20 0.21 0.19 0.00 4.87 7.89 0.08 0.09 0.08 1.35 1.01 0.99 
18 2.5 1.5 1.5 1720.35 1821.56 1769.65 163.69 153.46 161.80 0.18 0.19 0.18 13.85 7.79 8.21 0.08 0.09 0.09 1.32 1.03 1.00 
20 2.25 2.25 2.25 1732.79 1660.63 1818.50 155.39 146.20 157.21 0.19 0.20 0.19 11.83 11.13 11.97 0.10 0.11 0.10 1.33 0.94 1.03 
22 4.75 4 3 1743.91 1416.15 1390.43 163.72 141.71 161.24 0.18 0.21 0.18 26.32 19.18 16.37 0.10 0.13 0.11 1.34 0.80 0.78 
30 5 6.5 4 1682.13 1447.84 1567.43 143.35 142.21 157.88 0.21 0.21 0.19 24.25 31.28 21.37 0.16 0.16 0.15 1.29 0.82 0.88 
36 7 8 7 1535.42 1513.24 1361.59 149.09 146.43 146.85 0.20 0.20 0.20 35.31 39.64 34.78 0.19 0.19 0.19 1.18 0.86 0.77 
42 8.7 7.7 8.2 1603.22 1402.97 1444.90 144.67 143.50 150.93 0.20 0.21 0.20 42.59 37.39 41.88 0.22 0.23 0.21 1.23 0.80 0.82 
48 8.5 10.5 10 1873.69 1479.49 1536.26 143.94 146.13 144.48 0.21 0.20 0.20 41.40 51.92 48.89 0.26 0.25 0.26 1.44 0.84 0.87 
54 12.3 13.3 10.3 1566.19 1508.95 1659.51 152.39 130.93 156.77 0.19 0.23 0.19 63.43 58.92 54.64 0.27 0.32 0.27 1.20 0.86 0.94 
60 15 14 13.5 1627.77 1706.83 1490.15 141.68 157.55 138.95 0.21 0.19 0.21 71.91 74.64 63.47 0.33 0.29 0.33 1.25 0.97 0.84 
66 15.5 14 16 1880.04 1614.12 1630.84 151.45 145.07 145.91 0.20 0.20 0.20 79.43 68.72 79.00 0.34 0.35 0.35 1.44 0.92 0.92 
72 16.7 16.7 18.2 1649.72 1795.84 1805.52 149.52 149.41 156.98 0.20 0.20 0.19 84.49 84.43 96.67 0.37 0.37 0.35 1.27 1.02 1.02 
78 20.2 19.7 18.2 2302.84 1822.95 1908.69 183.54 154.56 161.28 0.16 0.19 0.18 125.46 103.03 99.32 0.33 0.39 0.37 1.77 1.04 1.08 
84 20 24.5 21 1636.80 1710.90 1976.91 144.05 156.17 171.96 0.21 0.19 0.17 97.49 129.47 122.19 0.45 0.42 0.38 1.26 0.97 1.12 
90 27 24 22 1675.18 1691.77 1692.14 140.51 144.28 153.12 0.21 0.20 0.19 128.37 117.17 113.99 0.49 0.48 0.45 1.29 0.96 0.96 
96 30.5 29 26 1661.95 1859.32 1890.75 140.61 161.37 178.50 0.21 0.18 0.17 145.11 158.36 157.04 0.53 0.46 0.42 1.28 1.06 1.07 
102 30.7 32.7 31.2 1827.48 1738.13 1806.17 154.83 158.25 149.77 0.19 0.19 0.20 160.84 175.11 158.12 0.51 0.50 0.53 1.40 0.99 1.02 
108 36 33 30.8 1534.39 1885.49 2222.68 146.15 144.59 185.66 0.20 0.20 0.16 178.03 161.45 193.49 0.57 0.58 0.45 1.18 1.07 1.25 
114 39.8 38.8 35 1540.07 2035.90 1912.80 140.14 180.12 157.13 0.21 0.16 0.19 188.73 236.48 186.09 0.63 0.49 0.56 1.18 1.16 1.08 
120 43 41 38.5 1714.46 1942.04 2205.85 144.71 177.23 182.89 0.20 0.17 0.16 210.56 245.88 238.26 0.64 0.52 0.51 1.32 1.10 1.25 
126 43.5 43.5 39.8 1474.85 1635.90 2324.00 137.72 148.15 189.93 0.21 0.20 0.16 202.72 218.07 255.98 0.71 0.66 0.51 1.13 0.93 1.31 
132 46.8 46.8 43.7 1390.93 1799.07 1738.31 135.98 162.11 174.19 0.22 0.18 0.17 215.48 256.88 257.57 0.75 0.63 0.59 1.07 1.02 0.98 
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MCC Powder, 11 R.P.M 
 
Flow Δp(real) Area Angle ∆p=mg/A ∆pn velocity bed expansion ratio 
SCFM inch of water mm2  inch of water  cm/s  
0 0 0 0 1430.09 1697.23 1473.49 145.37 148.59 153.48 0.20 0.20 0.19 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 
0.4 4 4 4 1794.57 1837.33 1847.13 164.35 171.25 167.96 0.18 0.17 0.18 22.24 23.18 22.73 0.11 0.11 0.11 1.25 1.08 1.25 
0.5 5.5 6 6 2057.57 1920.46 1851.87 179.10 174.31 164.38 0.17 0.17 0.18 33.33 35.39 33.37 0.13 0.13 0.14 1.44 1.13 1.26 
0.6 6.5 7 7 1951.27 1994.89 1965.89 178.62 184.02 170.49 0.17 0.16 0.17 39.29 43.58 40.38 0.16 0.15 0.16 1.36 1.18 1.33 
0.7 8.2 7.7 9.2 2013.50 1950.73 2167.18 159.41 170.27 189.84 0.19 0.17 0.16 44.23 44.36 59.10 0.20 0.19 0.17 1.41 1.15 1.47 
0.8 10 10 10.5 2282.99 2065.06 2134.05 193.17 176.89 170.55 0.15 0.17 0.17 65.36 59.85 60.59 0.19 0.21 0.22 1.60 1.22 1.45 
0.9 11.8 11.8 12.3 2092.45 2105.50 2110.34 182.34 178.73 167.71 0.16 0.17 0.18 72.80 71.36 69.80 0.23 0.23 0.25 1.46 1.24 1.43 
1 14.5 13.5 14 2105.61 2057.38 2232.97 200.95 179.37 180.44 0.15 0.16 0.16 98.59 81.93 85.48 0.23 0.26 0.26 1.47 1.21 1.52 
1.1 15.5 16 16 1817.51 1857.87 2349.80 170.68 163.77 180.30 0.17 0.18 0.16 89.52 88.66 97.61 0.30 0.31 0.28 1.27 1.09 1.59 
1.2 18.7 18.2 18.7 2043.93 2090.66 2924.81 170.73 184.34 196.43 0.17 0.16 0.15 108.02 113.52 124.29 0.33 0.30 0.28 1.43 1.23 1.98 
1.3 21.2 21.2 21.2 2022.63 2216.75 2810.99 183.12 193.20 191.89 0.16 0.15 0.15 131.35 138.59 137.64 0.33 0.31 0.31 1.41 1.31 1.91 
1.4 23 24.5 25 1986.68 2688.10 2686.41 178.48 200.78 189.64 0.17 0.15 0.16 138.90 166.44 160.41 0.36 0.32 0.34 1.39 1.58 1.82 
1.5 26.5 28 27.5 2191.41 2622.96 2455.62 194.82 207.60 188.39 0.15 0.14 0.16 174.69 196.68 175.29 0.36 0.33 0.37 1.53 1.55 1.67 
1.6 31 31 31.5 2564.47 2340.24 2051.94 183.64 187.12 204.38 0.16 0.16 0.14 192.62 196.27 217.83 0.40 0.40 0.36 1.79 1.38 1.39 
1.7 34.7 34.7 34.7 2292.60 2683.87 2968.34 191.71 204.40 230.69 0.15 0.14 0.13 225.09 239.99 270.86 0.41 0.39 0.34 1.60 1.58 2.01 
1.8 39.5 39 38 2252.06 2450.07 2860.12 214.53 214.48 196.27 0.14 0.14 0.15 286.73 283.02 252.36 0.39 0.39 0.42 1.57 1.44 1.94 
1.9 42.8 42.8 43.3 2493.82 2671.09 2990.63 193.68 201.86 192.76 0.15 0.15 0.15 280.49 292.33 282.42 0.45 0.44 0.46 1.74 1.57 2.03 
2 45 47 48 2428.69 2575.14 3055.76 209.07 208.47 202.52 0.14 0.14 0.15 318.33 331.52 328.91 0.44 0.44 0.46 1.70 1.52 2.07 
2.1 48.5 48.5 48.5 2128.89 2929.49 3610.89 192.64 204.60 217.95 0.15 0.14 0.14 316.14 335.75 357.67 0.51 0.48 0.45 1.49 1.73 2.45 
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